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The early stage of molecular excitonics and its quantum-kinetic dynamics in the multiband,
bitubular cyanine dye aggregate C8O3 at room temperature are revealed by employing
two-dimensional �2D� coherent electronic spectroscopy in the visible spectral region. The sub-20 fs
measurements provide a direct look into the details of elementary electronic couplings by spreading
spectroscopic transitions into two frequency axes. Correlation spectra of rephasing �kI=−k1+k2

+k3� and nonrephasing �kII=+k1−k2+k3� data in emission ��3�-absorption ��1� 2D-frequency
space image interband excitons into cross-peak signals and unveil the quantum-dissipative regime of
exciton relaxation. Spectral streaking of cross peaks directly reveals interband dephasing and
exciton population relaxation on the road to tube-to-tube energy transfer without making recourse to
an a priori model. Theory and simulations, based on an effective multilevel scheme and a
quantum-dissipative model with experimental pulse envelopes, explain the origin of the cross peaks,
reveal the underlying sequences of electronic transitions, recover the streaking patterns of relaxing
cross peaks along �1, and reconstruct the space-energy pathways of electronic excitation flow.
© 2009 American Institute of Physics. �DOI: 10.1063/1.3197852�

I. INTRODUCTION

One of the challenges in supramolecular chemistry and
molecular nanoengineering is the identification of distinct
molecular features and functions that are derived from natu-
rally occurring biomacromolecular systems and using these
properties in biomimeting technical applications. For ex-
ample, to imitate the optimized energy flow in the biological
light harvesting pigment complex by tailor-made, artificial
molecular ensembles. Such molecular architectures, devised
to mimic migrational energy trapping and charge separation,
must constitute photoantennae, storage rings, and a nonstatis-
tical energy gradient, where the photon absorbed is guided
without substantial losses as a molecular exciton on a selec-
tive, highly directional space-energy pathway to the exit
channel of chemical conversion.1,2

One appealing synthetic route is the potential of certain
dye molecules to self-assemble in concentrated solutions to
quasi-one-dimensional �1D� aggregates.3,4 Upon optical ex-
citation, the �weakly disordered� site arrangement with their
site transition dipoles in close spatial proximity gives rise to
Frenkel-type excitons5 that are shared by many molecules.
J-aggregates are the closest molecular analog of an inorganic
semiconductor; their unique excitonic structure and high en-
ergy transfer efficiency are relevant to many applications
such as artificial photosynthesis, polariton science, and sen-
sitized chemical dynamics.6 The line shape of the redshifted

�single� J-band in linear aggregates reflects interesting coop-
erative spectroscopic properties such as collective in-phase
absorption, coherent super-radiant emission, electronic cou-
pling, and exchange narrowing, which have received both
continuous theoretical7–10 and experimental11,12 interest. In
particular, at low phonon temperatures and predominant
static site disorder, the Frenkel exciton picture has been suc-
cessful in explaining the linear absorption �LA�, fluores-
cence, and excited-state absorption �ESA� in pump-probe
�PP� spectra.13

Breakthroughs in molecular self-assembly14 and
nanochemical engineering15 have paved the way for tailor-
made organic dye chromophores with supramolecular struc-
tures and special functionality. Common aggregate forming
cyanine dyes can be designed by controlled chemical linking
to hydrophilic and hydrophobic sidechains/substituents to
exhibit amphiphilic properties.16 This interaction of
hydrophilic/hydrophobic forces in combination with inter-
molecular forces and entropy minimization leads to self-
assembly into a double-walled tubular array as a new struc-
tural motif.17 Carbocyanine-type tubular aggregates are
therefore very promising candidates for artificial light har-
vesters and electronic energy transport systems.18 Their ar-
chitecture is similar to the rod elements in light-harvesting
chlorosomes of green photosynthetic bacteria and plants
where thousands of bacteriochlorophyll �BChl� molecules
self-assemble to a rod-shaped supramolecular antenna
system.19,20 In particular, for the chiral chlorosomes of Chlo-a�Electronic mail: harald.f.kauffmann@univie.ac.at.
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roflexus aurantiacus and Chlorobium tepidum a detailed
model for the spatial organization of the BChl molecules in
the rods has been proposed on the basis of various spectro-
scopic techniques and molecular modeling.21 Femtosecond
four-wave-mixing �FWM� techniques, such as three-pulse
photon-echo spectroscopy with homodyne detection, in con-
junction with theoretical treatments9,22–24 have led to pro-
gressively deeper understanding of the microscopic dynam-
ics of aggregates for some time past.11,25–27 These excitation-
probing configurations measure time-integrated and phase-
averaged signal-intensities ��P�3��t1 , t2 , t3��2�; they interrogate
the loss of the squared polarization by 1D projections on
distinct delay-times ti. While exciton dynamics and relax-
ation in population space can be verified with little difficulty
almost routinely, it is hard to extract information about the
nature of electronic and nuclear couplings, which are the
underpinnings of spatial optical femtosecond dynamics from
conventional FWM experiments.

Recently, heterodyne-detected two-dimensional coherent
electronic spectroscopy �2D-ES� that relies on coherent,
phase-locked three-pulse excitations and measures the time-
and phase-resolved field amplitude Es

�3��t1 , t2 , t3 ,���−iP�3�

��t1 , t2 , t3 ,�� in terms of its double Fourier transform �FT�
Es

�3���1 , t2 ,�3 ,�� has emerged as the cutting-edge technique
for probing femtosecond molecular correlations in real
time.28–31 2D-ES experiments, culminating so far on the bio-
logical, light harvesting Fenna-Matthews-Olson �FMO� com-
plex, have revealed exciton couplings, space-energy excita-
tion flow,32 cross-peak specific polarization shaping,33 and
coherent optical dynamics.34

We report the 2D-ES of a tubular, synthetic aggregate.
We measure the first steps of molecular excitonics in the
double-wall aggregate C8O3.35 Our combined experimental/
theoretical study is intended to explicate the early signatures
of exciton interband couplings and to trace the dynamic mo-
tifs of its quantum dissipation that set the preliminaries for
tube-to-tube energy transfer. In Sec. II, the linear spectro-
scopic features and the bitubular architecture of C8O3 are
recapitulated with regard to the forthcoming 2D-ES experi-
ments �Sec. IV�. Section III describes the principles of co-
herent 2D-ES based on signal-field heterodyning and double
Fourier transform. Further, it outlines a typical protocol of a
2D-ES experiment and describes details of sample prepara-
tion. In Sec. IV experimental 2D correlation and relaxation
spectra of C8O3 in water are presented, followed by the de-
composition of the absorptive 2D-ES signal part into rephas-
ing �kI� and nonrephasing �kII� contributions in Sec. V. The
simulation procedure is outlined in Sec. VI. The discussion
of the experimental and theoretical results is given in Sec.
VII. The summary and concluding remarks are contained in
Sec. VIII.

II. ABSORPTION „1D… SPECTROSCOPY BANDS,
TUBES, AND ELECTRONIC COUPLINGS

The bitubular architecture of the amphiphilic C8O3 ag-
gregate in water is a striking example for the power of self-
association to build up nanoscaled molecular assemblies with
supramolecular architecture. Selective hydrophobic and hy-

drophilic interactions among the monomers promote the for-
mation of double-walled structures, consisting of two tubes
with diameters of 10 nm �inner tube�, respectively 14 nm
�outer tube�. The distance between the inner and the outer
tube is a few nanometers ��4 nm� while the length of the
two tubes ranges from several hundreds of nanometers to
tens of micrometers. In the final stabilization process, the
double-walled strands further build up a helical organization
in which up to five tubules twist around each other �Fig.
1�a��, forming a chiral supramolecular structure.36 The C8O3

system may be considered, therefore, as a molecular analog
to a double-wall carbon nanotube, where small changes in
the cylinder lengths and in the few nanometer wall-to-wall
distances due to altering molecular orientations substantially
determine the helicity and the details of the band structure.
As a consequence, the number of electronic transitions in the
bitubular aggregate is first controlled by stereochemical fac-
tors. In the absence of disorder, i.e., assuming lattice period-
icity, the exciton bands corresponding to the inner �1� and
outer �2� tubes are described by Bloch-type k-space wave
functions.37 Owing to its cylindrical symmetry, this implies
splitting of the absorption dipole into two longitudinal �1, �2

�parallel to the cylinder axis� and two energy-degenerate
transversal transitions �1, �2 perpendicular to the cylinder
axis for each tube 1 and 2 �Fig. 1�b��, with the frequency
difference being inversely proportional to the tube diameter
��1,2�d1,2

−1 .
It is hard to quantify the electronic couplings of the outer

tube 2 to the inner tube 1.38 In the absence of electronic
tube-to-tube interaction, the line spectrum of the longitudinal
electronic transition �2 of the outer tube 2 �with a larger
diameter d2 and higher energy of �2� will shift to the blue.
However, the frequency splitting between �2 and its orthogo-
nal transversal ones �2 will become smaller according to
��2�d2

−1, resulting in degeneracy of the perpendicular
bands �1 and �2 �cf. Fig. 1�b��.

The splitting pattern in Fig. 1�b� is broadened due to
excitonic intraband disorder and dynamic reservoir fluctua-
tions from the solvent. This naturally raises the question to
which extent these individual splittings survive the mixing of
exciton bands,39 apart from the effects caused by electronic
interband couplings that are still ruled out for the present.
The absorption spectrum of C8O3 in water �Fig. 1�c�� shows
both bands I and II broadened with widths due to static and
dynamic site fluctuations smaller than the energy difference
between dipoles I and II and with full width at half maxi-
mum broadenings �I��II and different electronic dipole in-
tensities. Polarized light measurements identify the transi-
tions I and II as highly polarized parallel to the long cylinder
axes for tubes 1 and 2, respectively, with center positions of
16 670 and 17 170 cm−1.40 As a consequence of disorder, the
two orthogonal transitions �1 and �2 merge into one band
III which further overlaps with band II. It only shows up as a
weak shoulder at 17 380 cm−1 and is subject to excitations
predominantly perpendicular to the long axis in tubes 1 and
2. Each of these excitonic subensembles corresponding to
band transitions I, II, and III is expected to contain several
hundred to thousand monomer units with slightly varying
band disorder � from weak �I� to moderate �II, III� and with
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intraband excitonic couplings V, each Vj exceeding its inho-
mogeneous band broadening �Vj /� j 	1�. Finally, C8O3

shows an additional high-energy band dipole IV at
17 860 cm−1 with low intensity and larger bandwidth. Band
IV may be assigned to electronic excitations delocalized
across several closely lying tubules in the helical regime of
twisted double-wall strands, similar to the collective high-
energy excitations in chlorosomal stacks.41

The experimental LA spectrum of C8O3 �black solid line
in Fig. 1�c�� can be reconstructed satisfactorily by four elec-
tronic oscillators �blue dashed lines� with static site disorder
and dynamic fluctuations. Clearly, information about inter-
band and tube-to-tube electronic couplings, energy transfer
mechanism, or its time scales cannot be extracted from the
highly congested linear spectrum. Simulations in a finite-
sized, chain-to-chain geometry of two closely spaced linear
chains, mimicking tube-to-tube electronic interaction in the
absence of the supramolecular structure, show wave-function
delocalization and excitonic interband, non-Förster-type
transfer between the chains described by phonon-induced
population relaxation.39 Time-resolved streak-camera fluo-
rescence and spectrally resolved PP experiments on C8O3

and related aggregates suggest that these arrays are proto-
typical band-to-band energy transfer systems40,42 of relaxing
excitations in population space. The elementary couplings
prior to the birth of population are, therefore, inferred only
indirectly by these studies. Homodyne detected signals that
measure �P�3��2 do not directly reveal the couplings. Since

phase memory of initial band-to-band coherence is averaged
out by time-integrated homodyne detection, neither elec-
tronic delocalization and band-to-band mixing nor the early
quantum dissipation is resolvable even by employing time-
resolved gating43 or spectrally dispersed FWM �Ref. 44� ex-
periments.

Based on recent advances,29,32,45 it is clear that hetero-
dyne detection of the field Es

�3� and its double Fourier trans-
form is the instrumentation of choice in the study of molecu-
lar femtosecond couplings. By employing coherent 2D-ES,
we demonstrate measurements of off-diagonal peaks in
frequency-frequency correlation plots and thus directly probe
electronic coupling and electron-phonon scattering. The lat-
ter elementary processes are the underpinnings of exciton
dynamics allowing the entire state-to-state energy transfer
pathways of optical interband transport in C8O3 to be imaged
in real time.

III. EXPERIMENTAL DETAILS

A. Time- and phase-resolved coherent 2D-ES

Early theoretical work and analysis of the control of
higher-order, nonlinear molecular field amplitudes in phase-
sensitive optical spectroscopy46 stimulated the technological
advance of time- and phase-resolved 2D FWM techniques.
Although two-dimensional infrared spectroscopy47 and
2D-ES �Ref. 48� have been established for nearly one de-
cade, the technical realization of 2D-ES in the visible part of

FIG. 1. �a� Cartoon sketching the self-assembling of C8O3 monomers into an array of molecular nanotubes: Dye molecules �chromophore: Orange� with
hydrophobic �red� and hydrophilic �green� substituents zip into double-wall cylindrical motifs and helical suprastructures in aqueous solution �cryo-
transmission electron microscopy image taken from Ref. 17�. �b� The structure of C8O3 consists of two tubular aggregates constituting of an inner �1� and an
outer cylinder �2�. Both cylinders contribute one parallel ��1 , �2� and two energy-degenerate perpendicular transitions ��1 ,�2� to the LA spectrum. Due to the
different diameters of the two cylinders, the frequency splittings between these two components are different. �c� The experimental LA spectrum of C8O3

�black� in aqueous solution with parallel polarized bands I and II peaking at 16 670 and 17 170 cm−1, respectively. Band III �17 380 cm−1� is a shoulder
indicating the degenerate and inhomogeneously eroded transversal transitions �1 ,�2. The experimental spectrum can be satisfactorily described by four
electronic oscillators �blue dashed lines represent their individual contributions; blue solid line shows their sum�. Band IV is related to an ensemble of weaker,
less collective dipoles being the signature of the supermolecular helical regime. The pulse envelope is shown as orange line.
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the spectrum is a more recent breakthrough. This has been
due to the difficulties with the necessary phase stabilization
of the signal fields and their precise experimental Fourier
transform. These difficulties have finally been solved by the
progress in diffractive optics pulse phase locking,45,49 spec-
tral interferometry,50,51 and improvement in delay-time pre-
cision by two orders of magnitude.45,52

In coherent 2D-ES, the fundamental quantity of interest
is the time-dependent, oscillatory molecular signal field Es

�3�

��t1 , t2 , t3�, where t1 and t2 represent the two time intervals
between the three pulse-molecule interactions and t3 denotes
the time elapsed after the third pulse and the onset of the
signal field �Fig. 2�a��. Under perfect phase matching, the
diffracted field is proportional to the third order polarization
P�3��t1 , t2 , t3� with signal wave-vector architecture kI=−k1

+k2+k3 �photon echo �PE�, rephasing�

P�3��kI,t1,t2,t3� =� dt3� dt2� dt1R�3��t1,t2,t3�E3�k3,t − t3�

�E2�k2,t − t3 − t2�E1
��k1,t − t3 − t2 − t1� �1�

and is expressed as a convolution of the optical response
function R�3��t1 , t2 , t3� and the electric fields E1�k1 , t�,
E2�k2 , t�, and E3�k3 , t� of the laser pulses with wave-vectors
k1, k2, and k3, respectively. kII=k1−k2+k3 �optical free in-
duction decay, nonrephasing� can be calculated similarly. Ex-
pressions of 2D nonlinear signals referring to these experi-
ments are given in Sec. VI and the Appendix. The first pulse
�k1� creates a coherence between the ground and the excited
electronic state. The second pulse �k2 after time t1� converts
the freely evolving coherence into an electronic population
�population grating� and/or a vibrational coherence in the
ground or excited state which relaxes via T1 processes for a

FIG. 2. �a� Definition of time delays and boxcar geometry in the coherent 2D electronic spectroscopy experiment. The diffracted ks propagates into the same
direction as the LO. The nonlinear signal is subjected to spectral interference with the preceding LO for signal reconstruction in �3 frequency domain. �b� A
typical spectral interferogram for t1 and t2 set to zero. �c� The NOPA output is split into two beams at a beam splitter and one is given a variable delay. The
two beams are focused by a spherical mirror �SM 1� onto a diffractive optics element �DOE�, which is optimized to diffract 30% of the intensity of each beam
into the 
 first diffraction orders �upward diffracted beams are indicated by the solid line, downward diffracted beams by the dashed line�. The four beams
resulting from the DOE are parallelized by a spherical mirror �SM 2� and are located at the corners of a square forming a “boxcar” pattern. The two pump
beams �k1 ,k2� are separated by the coherence time t1 by means of a pair of moveable glass wedges in beam 2 �t1-delay�. k2 and k3 are delayed by time t2 by
a conventional delay stage before the DOE �t2-delay�. The fourth beam in the boxcar pattern is the weak reference pulse kLO. It is attenuated by a neutral
density �ND� filter and passes through the sample preceding the excitation pulses �k1 ,k2 ,k3� by �550 fs. After passing the sample it propagates collinearly
with the signal field. Heterodyne detection with the LO pulse in a CCD spectrometer �CCD 1� is implemented to completely characterize the signal electric
field �spectral interferometry�. A second CCD camera �CCD 2� serves to reduce noise in separately recorded spectrally resolved PP spectra.
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time t2. Finally, the third pulse �k3 after time t2� interacts
with the decaying population/coherence and creates a coher-
ent macroscopic dipole whose super-radiance generates the
signal along kI or kII, depending on the order of the interac-
tions. Feynman graphs, depicting Liouville-space density
matrix pathways of off-diagonal coherences and diagonal
populations, provide a pictorial representation of rephasing
and nonrephasing signals �Sec. V� and are indispensable in
the analysis of the signals.53 The graphs can be expanded to
include relaxational pathways and describe exciton popula-
tion transfer and related dephasing processes �Sec. IV�.

B. Coherent 2D electronic spectrometer

Our laser configuration is a solid state laser �Verdi V18,
Coherent, Inc.� pumped Ti:sapphire regenerative amplifier
system �Rega 9050, Coherent, Inc.� in conjunction with a
noncollinear optical parametric amplifier �NOPA� �Ref. 54�
operating at a repetition rate of 200 kHz. This configuration
yields tunable sub-20 fs pulses with pulse energies of several
hundred nanojoules in the visible �470–720 nm� and is
complemented by a zero-additional-phase �ZAP� spectral
phase interferometry for direct electric field reconstruction
�SPIDER� �Ref. 55� that characterizes the excitation pulses
in a noninvasive fashion. This combination of noncollinear
frequency conversion and high repetition rate ensures short
accumulation times, high temporal resolution, and 2D spec-
tra with very good signal to noise ratios.

In our setup �Fig. 2�c��, generation of phase-locked ex-
citation pulses, detection of time-resolved, phase-sensitive
signals, and their translation into frequency-frequency space
of the double Fourier transform signal field follow the ex-
perimental configuration given in Refs. 45, 56, and 57. The
16 fs excitation pulses �center wavelength of 17 500 cm−1�
are passively phase locked by the implementation of a dif-
fractive optics based interferometer45 that minimizes the
phase drift between the two pairs of pulses, i.e., pulses 1, 2
and pulses 3, LO �local oscillator�. Each pair �1, 2 and 3,
LO� is derived from the 
 first diffractive order components
of a laser pulse incident on a transmission grating �125 lines/
mm�, each one with constant relative phase ��1−�2�, ��3

−�LO� for varying delay times, to give a boxcar pattern,
which is then imaged onto the sample �cf. Fig. 2�a��. The t1

delay is scanned with high interferometric precision �0.66 fs
step size� by using a movable pair of glass wedges52 inserted
into the path of k2, which are mounted on a motorized linear
translation stage. Translating one wedge with respect to the
other in the pair affects the optical path length of the pulse,
thereby varying the arrival time at the sample with a delay
precision of 5.3 as. This enables the correct measurement of
the echo-signal Es

�3��ks , t1 , t2 , t3� without undersampling, i.e.,
probing both the center frequency of the optical cycle and
the damping from the overall frequency dynamics of the re-
laxing signal field in an unbiased fashion. To balance the
dispersion for all three excitation pulses, identical static glass
wedge pairs are inserted into the paths of k1 and k3.

Frequency-frequency 2D spectral amplitudes and the
absorption/dispersion spectra are obtained by heterodyning
the signal field Es

�3��ks , t1 , t2 , t3�� P�3��ks , t1 , t2 , t3� with the

LO pulse ELO �pulse 4� and spectral interferometry via Fou-
rier inversion steps.29,50 The LO and the signal field, propa-
gating collinear after the sample with ELO preceding the
other pulses by �550 fs, are sent into a spectrometer and
dispersed with a 1800 mm−1 grating on a charge coupled
device �CCD� array detector. A typical spectral interferogram
for t1= t2=0 is shown in Fig. 2�b�. Neglecting rising edge
convolution effects in the optical response field due to the
finite excitation pulses, the squared heterodyned signal inten-
sity in frequency space, Fourier inverted with respect to t3 at
a distinct t1 and t2, is

Ihet�t1,t2,�3� = �ELO��LO��2 + �Es��3��2

+ ELO��LO�Es��3�cos��LO − �s + �3tLO� ,

�2�

where �LO and �s are the spectral phases of the LO ELO and
the signal field Es, respectively, and �3tLO denotes the rela-
tive phase between pulses k3 and LO kLO at delay time tLO.
Further Fourier transform/filtering procedures and ZAP-
SPIDER local field characterization enable to eliminate the
LO ELO��LO�-term from the cross term. Numerical Fourier
transform with respect to t1 scanning from maximum nega-
tive delay to maximum positive delay yields the desired sec-
ond frequency axis �1 of the signal in the complete
amplitude/phase representation of the molecular electric
field. For the absorptive/imaginary parts of the 2D spectra,
determination of the absolute signal phase is necessary by
comparison with a frequency resolved PP signal. Shifting the
projection of the real part of Es

�3���1 , t2 ,�3� into an overlay
representation with the PP spectrum �a procedure termed
phasing� yields the absolute spectral phase from the un-
known off-set of the spectral interferometer.29,51,58 The ab-
sorptive part can be interpreted as the transient field ampli-
tude at a particular probe frequency �3, induced by a specific
excitation frequency �1.

With regard to the interpretation of experimental exciton
signatures, we note in the forefield of the experimental re-
sults �Sec. IV� that the negative time delay corresponds to
the reversal of the interaction sequence of pulses k1 and k2.
Since the signal is measured in the direction −k1+k2+k3, at
positive delay times, the kI=−k1+k2+k3 �rephasing� signal
is detected, whereas at negative delay times the kII=+k1

−k2+k3 �nonrephasing� signal is detected.59 The full Fourier
transform �including both the positive and the negative de-
lays� can thus be decomposed as

Eabs
�3� ��1,t2,�3� = EkI

�3���1,t2,�3� + EkII

�3���1,t2,�3� . �3�

Because of the difference in the sign of the phase accumu-
lated during the coherence periods t1 and t3, a strong, collec-
tive signal is observed along the diagonal frequency axis
���1�=�3� for the rephasing signal kI. In contrast, the non-
rephasing kII signal spectrum is oriented along the antidiago-
nal axis.59,60 The superposition of kI and kII in the measuring
process determines the shape of the experimental diagonal
and off-diagonal correlation peaks in Sec. IV.
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C. Sample preparation and handling

The carbocyanine dye C8O3 was purchased from FEW
Chemicals �Wolfen, Germany� and has been used as re-
ceived. The aggregate solution has been prepared according
to literature.61 The dye concentration in aqueous solution is
1�10−4 mol / l. To eliminate signals from cuvette windows
�which can be of the same magnitude as the third order sig-
nals�, we have implemented a gravity driven, wire-guided
drop jet62,63 for the circulation of the sample. Note that mea-
suring in the jet avoids the otherwise necessary measurement
and compensation of the sample cell windows prior to ex-
periment by readjusting the fused-silica prism compressor.
On the other hand, the flow in the jet and the shear force lead
to partial orientation of the aggregate chains along the flow
direction, as observable in linear dichroism spectra.64 Note
that since the excitation beams are polarized perpendicular to
the flow, we should preferentially excite the transversal tran-
sitions and merely to a minor extent the longitudinal ones.
Finally, to avoid undesired higher-order effects, such as
exciton-exciton annihilation and nonresonant signals from
the solvent, excitation beams are attenuated to yield not more
than 3 nJ of energy in each of the excitation pulses. With a
beam diameter of 5 mm at the focusing mirror �SM 3 in Fig.
2�, this corresponds to a fluence of 3.6�1014 photons /cm2,
leading to the excitation of 1.7% of the molecules in the
focal volume. This excitation density has been shown to be
low enough to exclude annihilation effects from contributing
to the detected signals.40

IV. EXPERIMENTAL RESULTS–—PEAKS
AND STREAKS OF EXCITON DYNAMICS

The bandwidth of our 16 fs pulses ��1000 cm−1� is
broad enough �orange solid line in Fig. 1�c�� to entirely cover
the C8O3 aggregate bands when tuned by the NOPA to a
center frequency of 17 500 cm−1. Upon resonant excitation,
the pulse creates a polarization that includes in-phase coher-
ent preparation of four excitonic transition dipoles I, II, III,
and IV, respectively. The entire tube system �with single- and
double-exciton band structure� can then be considered either
as an ensemble of four, noninteracting three-level systems in
the absence of band-to-band coupling, or as an array of cor-
related interband excitations in the delocalized eigenstate
representation if electronic coupling is present �cf. Sec. VI�.

A. Amplitude correlation „t2=0 fs… and relaxation
spectra „t2>0 fs…

Figure 3 shows the amplitude of the complex 2D corre-
lation spectrum of C8O3 containing the sum of the absorptive
�real� part and the dispersive �imaginary� part E�3�

���1 , t2 ,�3�=	�Eabs
�3� �2+ �iEdisp

�3� �2 as a function of the conju-
gate variables �1 and �3 recorded at t2 delays of 0, 20, 100,
and 1000 fs. In the correlation spectrum �t2=0 fs� bands
I–IV appear as 2D peaks along the main diagonal ���1�
=�3� and reflect the LA by projection along the �3-axis. As
in LA band III is not fully resolved. The relative intensities
of the diagonal peaks are different from the absorption spec-
trum, since they scale as ��i�4 with the transition dipole rather
than ��i�2 as in LA. In addition, the pulse power spectrum,

FIG. 3. 2D amplitude frequency-
frequency correlation and relaxation
spectra of C8O3 in water for t2-times
of 0, 20, 100, and 1000 fs. All spectra
are normalized to their respective
maximum absolute value; color scale
is based on a arcsinh-weighting func-
tion starting at �5% of signal inten-
sity. Diagonal correlation peaks I, II,
III �shoulder�, and IV correspond to
the 1D LA peaks. The existence of
cross peaks is paradigmatic for elec-
tronic interband correlations and indi-
cates strong coupling between bands
III/I and IV/II as well as weaker cou-
plings among bands IV/I and II/I, re-
spectively. White arrows indicate the
roads of excitonic energy transfer
nourished by the interplay of weak to
moderate interband couplings and
band-to-band population relaxation.
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optimized to cover the entire region of transitions, gives rise
to different center-frequency detunings for each of the band
transitions and thus affects the relative excitation intensities
of the bands. Overall, peak IV is therefore less intense in the
2D spectrum than in 1D LA.

Both diagonal peaks of bands I and II are substantially
rotated off of the main diagonal into the ��1�	�3 regime
indicating a strong contribution of ESA into their two-
exciton bands. Contrarily, the intercylinder band transition
IV behave quite normal. Its intensity is weak and its spectral
contour shows weak ellipticity only with its longer axis sym-
metrically oriented along the main diagonal. It appears to be
affected substantially by a density of states �DOS� of disor-
dered and weakly collective �monomeric� absorbers which
mix with the wave functions of the collective, in-phase tran-
sitions into the excitonic band-structures I, II, and III, respec-
tively. Band-symmetry breaking in peak IV together with its
extremely short survival time due to dynamic fluctuations
have tremendous impact on the pattern formation of energy
flow in C8O3 and the details of its overall optical dynamics
�Sec.VII�.

The observation of cross peaks of varying intensities in
the off-diagonal ��1�	�3 regime at t2=0 fs is a very strik-
ing result. The origin of these signals—not detectable by
linear or 1D nonlinear spectroscopies—is symptomatic of
electronic band-to-band coupling and indicates quantum-
mechanical interband combination transitions of spatially
correlated transition dipoles sensing one another’s presence
by common ground states.65,66 The predominant cross peaks
result from correlations between bands IV and II and III and
I. Further, a lower intensity cross peak is indicative of weak
coupling between IV and I and II and I.

The correlation spectrum is strongly asymmetric and fa-
vors cross peaks in the low-energy ���1�	�3� triangle. This
is accompanied by the untypical spectral orientations of the
off-diagonal peaks, which are closely related to the asymme-
try of the correlation matrix. They are no longer parallel to
the main diagonal as expected for a positive motional corre-
lation at t2=0 fs,67 but rather horizontally aligned, i.e., spec-
trally elongated parallel to the �1-axis. This tendency toward
early relaxation of cross peaks is mainly caused by the finite
width of the excitation pulses and uncorrelated fluctuations
of the exciton bands. Since the experimental 2D data are
sub-20 fs pulse convolutions �and not corrected by numerical
inversion�, the finite time shift implies a systematic uncer-
tainty in the delay times and falsifies, in particular, the k2 /k3
overlap region at t2=0 fs. Due to the finite pulse duration,
the initial phase of interband quantum interference gets per-
turbed by dynamic fluctuations. Consequently, interband
dephasing and electron-phonon coupling direct uncorrelated
populations, preferentially into the low-energy interband
states, which when being probed by the interrogating k3
pulse promote increasing cross-peak intensities predomi-
nantly in the ��1�	�3 regime. Fast coherence loss thus
breaks the symmetry of the excitation correlation matrix
where the spectral contour of the cross peaks rotates from an
alignment originally parallel to the main diagonal into an
orientation parallel to the �1-axis. This spectral change goes
hand in hand with the growth of the antidiagonal width

which reflects homogeneous electron-phonon coupling and
also affects the formation of the early horizontal streak.

Cross signals at t2=0 fs are in our experiments generally
weakly relaxing interband coherences with a more or less
considerable loss of phase memory. Because of the warm
phonon environment of the room temperature experiments
and the strong irreversibility of interband transfer triggered
by the high-energy peak IV, dissipative excitons at the door-
way of population transfer are a realistic terminology in this
stage of quantum-kinetic relaxation. Increasing the waiting-
time t2 promotes the production of �tail-state� populations
which energetically spread along the main diagonal trace and
change frequency space via spectral diffusion.68 Conse-
quently, the interrogating third pulse with varying waiting-
time t2 senses increasing populations which cause the cross-
peak signals both to grow in intensity and spectrally streak
along �1 via stimulated emission �SE�� and ESA� �cf. be-
low�. Note that the bulging signal of overlapping II and III
diagonal peaks is indicative of III/II coupling, but it remains
overall concealed in the presentation of the amplitude spec-
trum. Since the 2D amplitude spectrum combines both the
absorptive and the dispersive part of the 2D Fourier trans-
form, information about the sequence of optical processes
and intermolecular details is limited. Independent inspection
and evaluation of absorptive spectra �Fig. 5� help to disen-
tangle the details of optical processes concealed in the am-
plitude spectra. Thus, they allow to dissect and extrapolate
the various interferences inherent to the cross peaks and fur-
thermore, for varying t2-times, to track their quantum-
dissipative pathways that form up the observed experimental
2D patterns.

B. Absorptive part correlation spectrum „t2=0 fs…

As an introduction to the forthcoming 2D absorptive part
spectra and their descriptive interpretation, we briefly con-
sider the underlying processes that may contribute to FWM
signals in a typical band-to-band interaction scheme.30 As the
2D data in Fig. 3 show a substantial admixture of couplings,
a delocalized five-level scheme in the eigenstate basis �Fig.
4�a��, modeling a pair of excitonic band dipoles �e.g., the III
and I interactions�, is closer at hand than the �equivalent�
local site basis set to track the optical pathways of both in-
dependent and correlated �combination� transitions.

The labels of the scheme in Fig. 4�a� represent the rel-
evant manifolds of states, g-ground state, e-single exciton
states, and f-double-exciton states, and arrows indicate reso-
nant optical transitions. This scheme allows for tracking the
entire optical pathways from both independent and correlated
transitions. In Fig. 4�b� the Feynman diagrams for the level
scheme in Fig. 4�a� feature the rephasing part, i.e., the rotat-
ing wave approximation �RWA� photon-echo signals in terms
of time-ordered, resonant transition sequences and their
Liouville-space pathways. Four interaction events �wavy line
arrows� happen chronologically from bottom up, while two
vertical lines denoting �ket
 and �bra� show the free evolu-
tion of the density matrix state in each interval between
interactions.53 The first interaction causes the system’s den-
sity matrix into a one-exciton coherence ��ge�. After interac-
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tion with k2, the system evolves either in the ground-state �gg

or in the one exciton manifold e either in population-space
��ee� or in the coherent regime ��ee��. Finally, the third inter-
action k3 takes the system again into a one-exciton coherence
��eg� or alternatively into a coherence between a one- and a
two-exciton state ��ef�. The biexciton manifold essentially
distinguishes the optical response of an excitonic aggregate
from that of an electronic two-level system. Since the first
two interactions can act on different one-exciton states, sub-
sequent propagation of �ee� in the one-exciton manifold may
involve electronic beating and quantum motion.34,69 The dia-
grams cover three optical processes, thereby contributing to
the overall signal via two initial interactions interrogated by

the k3-pulse from left to right: Ground state bleaching
�GSB�, SE �both causing positive signals�, and ESA, leading
to negative signals. Diagrams SE� and ESA� with dashed
pathways during time t2 are extended graphs that account for
exciton population relaxation and coherence decay. For com-
bination transitions into the one-exciton interband states re-
laxation populates the low-energy band e and thus intensifies
the low-energy cross-peak ���1�	�3� and formation of its
spectral streak. Figure 4�c� is a schematic sketch illustrating
the intensities and details of absorptive 2D peaks in the
rephasing photon-echo limit �kI contributions�. Diagonal and
off-diagonal peaks stem from the coupled five-level system
�Fig. 4�a�� and include the contributions of GSB �red circles�,

FIG. 4. �a� Five-level scheme consisting of two one-exciton states ��e1
 , �e3
�, two intraband two-exciton states ��f1
 , �f3
�, and one interband combination state
��e1e3
� to schematically illustrate the level scheme used for numerical modeling of the data. For clarity only two coupled bands �I and III� are depicted. �b�
Feynman diagrams illustrating Liouville space pathways for resonant three-pulse photon echoes in the RWA with �rephasing� wave-vector architecture
kI=−k1+k2+k3. The graphs demonstrate four time-ordered pulse interactions �arrows� from bottom to top, while the two vertical lines show the density matrix
state in each interval between the interactions with t1 , t2 , t3 denoting the time delays between laser pulses. The first three diagrams describe processes in the
absence of relaxation contributing to the PE signals. The labels on the diagrams represent the relevant manifolds of states: Ground state �g�, single-exciton
states �e ,e��, and double-exciton manifold �f�. Two additional diagrams including coherence and population relaxation during t2 are depicted on the right �SE�,
ESA��. �c� Schematic pattern of diagonal and off-diagonal peaks in 2D frequency-frequency space of a band-to-band interaction including the contributions
of GSB �red circles�, SE �red squares�, and ESA �blue squares� and echo-intensities SE� and ESA� that result from coherence and population decay during t2

�red and blue triangles�. Full symbols refer to pathways where the system is in a population state during t2, whereas open symbols indicate pathways including
a coherence during t2. �d� Nonrephasing Feynman diagrams in the RWA limit characterizing oFID-type signals �kII�.
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SE �red squares�, ESA �blue squares�, SE� �red triangles� and
ESA� �blue triangles�. The correlation matrix contains the
entirety of sequential transitions derivable exclusively from
the rephasing Feynman graphs �Fig. 4�b�� with full �open�
symbols denoting the density-matrix Liouville pathways for
population �coherence� evolution during t2, respectively.
Note that the optimal diversification of optical pathways is
expected in the ��1�	�3 domain of the low-energy cross
signal. �Energy dispersive� exciton population relaxation into
the low-energy band stimulates the SE� and ESA� processes
from this level and thus causes the substantial intensity in-
crease in the cross-peak signals and their spectral streaking
below the main diagonal trace via combination transitions
into both the one-exciton �positive absorption� and the two-
exciton �negative absorption� bands, respectively. Aside from
the kI photon-echo spectrum, the full absorptive signal addi-
tionally contains contributions from nonrephasing kII signal.
Figure 4�d� illustrates the underlying Feynman graphs for
nonrephasing kII spectra.

In the absorptive correlation spectrum at t2=0 fs �Fig.
5�a�� the various quantum pathways of sequential electronic
transitions create positive peaks due to SE and GSB, and
negative signals originating from ESA. The positive and
negative contributions of bands I, II, and III are of equal
strength, whereas band IV shows a weak positive absorption
into the one-exciton state only. The positive signals dominate
in the ��1�	�3 region �below the diagonal� with all four
one-exciton bands being involved. The concomitant presence
of strong ESA contributions of I, II, and III reflects strong
transitions into two-exciton states, whereas band IV exhibits
only very weak ESA processes. Since the ESA contributions
of I, II, and III are blueshifted, interference of oppositely
signed contributions gives rise to the observed asymmetry of
the amplitude spectrum �Fig. 3�, which can generally be
taken as the fingerprint of coupled electronic oscillators. This
effect is decisive for the initial skewness of the diagonal
peaks in the amplitude spectra. So far, these features have
been demonstrated in 2D studies only for the much simpler
case of a single band J-aggregate.70 In our multiband system
all of the three main bands �I, II, and III� show this typical
spectral signature of a molecular excitonic manifold of states
with single- and double-exciton states.

In the off-diagonal regime of the spectrum the separated
optical contours for positive �red� and negative �blue� ab-
sorption make disentangling of the various quantum pro-
cesses less difficult than in amplitude spectra. We observe
the predominant cross-peaks IV/II and III/I from strongly
coupled bands IV and II and III and I, respectively. As out-
lined in the amplitude spectrum, both cross peaks originate
from combination transitions, preferentially launched into
the one-exciton interband states, with coordinates substan-
tially located in the ��1�	�3 block and slightly stretched due
to finite exciton population relaxation at t2=0 fs. Note that
early stretching can be readily mapped into a distribution of
coupling strengths between band states and less collective
tail-state absorbers from a disordered DOS that share com-
mon ground states. According to the sequential nature of
biexciton preparation, two-exciton band-to-band couplings
are tiny but not completely negligible at t2=0 fs. Similar

arguments apply to the distorted line shape in the local vi-
cinity of diagonal bands II and III, which is rotated from the
diagonal and clearly reflects coupling of these states to band
IV, with the cross-peak IV/II stemming from SE and GSB
processes in the ��1�	�3 spectral region. Moreover, it is
more than tempting to speculate that cross-peak III/II be-
tween closely located bands II and III spectrally overlaps the
IV/II cross peak, which may explain the significant streaklike
profile even at t2=0 fs. Finally, ESA-peak I shows a small
horizontal deformation at t2=0 fs, thereby crossing the main
diagonal and entering into the ��1�	�3 space. This is an
indication of the beginnings of biexcitonic band-to-band cou-
pling between bands I and III.

C. Dynamics of absorptive relaxation spectra
„t2>0 fs…

In Fig. 5�a� absorptive spectra recorded for t2=0, 20, 50,
100, 200, and 500 fs demonstrate the quantum-kinetic road
from initial quantum decoherence via ongoing exciton relax-
ation to increasing population transfer. The short coherence
time of band IV �50 fs� sets a first boundary condition, which
allows for an approximate factorization by dividing the re-
laxation into three dynamical regimes. Within the first 50 fs
the onset of interband dephasing and exciton population re-
laxation leads to the disappearance of signal peak IV and this
annihilation is paralleled by �i� a relative increase in the off-
diagonal single exciton signal intensities �positive signals�
among all bands in ��1�	�3 space and �ii� the appearance of
biexciton couplings �negative off-diagonal signals�, most sig-
nificant bands III/I and IV/I. At t2 times between 50 and 100
fs, ongoing population relaxation transforms the initial pat-
tern of cross peaks into streaklike shapes. For t2	100 fs,
optical dynamics is mainly controlled by the irreversibility of
relaxations from doorway states in the vicinity of bands II
and III seeded by band IV via IV/III and IV/II off-diagonal
traces, both from single-exciton �positive absorption� and
biexciton �negative absorption� couplings. The peak intensi-
ties of the couplings steadily increase as a function of t2 in
the interval 100 fs� t2�200 fs and excitation transfer path-
ways begin to form, simply observable by following their
spectral streakings and mapping out the most efficient relax-
ation channels. The cross-peak intensities converge because
growing t2 times of the analyzing third pulse �k3� cause in-
creasing interband dephasing. Thus, phase relaxation gener-
ates energy-distributed interband populations that increase
cross-peak intensities and give rise to spectral streakings
along coherence frequency �1. Vice versa, streaking off-
diagonals witness uncorrelated single-exciton fluctuations as
well as ongoing relaxations via intraband dephasing or inter-
band mixing effects and are therefore a sensitive probe for
tracing optical dynamics and the details of energy transfer.
Extended Feynman diagrams in Figs. 4�b� and 4�d� �SE� and
ESA�� covering dephasing and population transfer between
levels e and e� in the coupled scheme are quite useful. They
allow to perceive off-diagonal streaking as a consequence of
energy-dispersive interband exciton relaxation. The release
of flowing populations promotes incoherent SE �SE�� and
ESA �ESA�� as additional processes, which �particularly at
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room temperature� give rise to the systematic intensity in-
crease in the low-energy cross-peak ���1�	�3� and its spec-
tral streaking. Note that also the diagonal peaks, due to their
mutual couplings, leave the direction of the main diagonal
trace and become parallel to the �1 axis. This is the second
reason for the skewness of the diagonal peaks in the ampli-

tude spectra. Their pronounced elongation is quite natural, as
the band transitions participating in the coupling process lose
their identity due to the ongoing mutual erosion of their self-
energies and the thermal release of populations into the
��1�	�3 space as a consequence of interband dephasing.

For t2	200 fs, the 2D spectrum becomes mainly con-

FIG. 5. �a� Experimental and �b� numerically calculated absorptive part spectra of C8O3 in water for t2 times of 0, 20, 50, 100, 200, and 500 fs. All spectra
are normalized to their respective maximum absolute value; color scale is based on a arcsinh-weighting function starting at �
5% of signal intensity. Red
peaks refer to positive absorption �SE, GSB� while blue colors indicate negative absorption �ESA�.
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trolled by relaxation of bands IV and III that start to transfer
intensities into bands I and II. On this time scale, the off-
diagonal intensities grow and tend to level off to the intensity
of the diagonal signal amplitudes. On the 200–500 fs scale,
the IV/II, IV/I, III/I, and II/I cross peaks reach intensities that
match those of the diagonal signals. At these leveling-up
points, the population gain in the band III manifold, due to
coupling to IV, strengthens the quasicoalescence of coupling
between III and II and triggers band II to band I transfer
instantaneously seen by the occurrence of the off-diagonal
II/I peak and its growth in intensity for t2200 fs.

Overall, the basic steps of exciton interband pathways
and tube-in-tube transfer are immediately comprehensible in
2D coherent electronic spectra without any preconceived
bias. White arrows drawn in the amplitude spectra �Fig. 3�
illustrate the predominant band-to-band couplings and popu-
lation paths associated with the intercylinder transfer. One
fast route to population gain in I stems from band III and IV
via couplings III/I and IV/I in parallel single-step transfers.
The second source term for the population of I proceeding
from IV via couplings IV/III, III/II, and II/I is a migrational
multistep process with the actual tube-to-tube spatial elec-
tronic transfer substantially delayed. Thus, phenomenologi-
cally, in both mechanisms the irreversibility of warm phonon
exciton population relaxation is steering the energy flow to
the inner tube 1 �band I� via directed funneling. More quan-
titatively, the relaxation physics describing the quantum dis-
sipation of excitation energy transfer between the geometri-
cal constraints of huge, mesoscopic excitonic tubes in close
nanometric proximity is not trivial. A preliminary numerical
approach to the problem that replaces the complex many-
body of C8O3 through a multilevel system and includes both
rephasing and nonrephasing terms in the reconstruction of
the experimental data �Fig. 5�a�� is presented in Sec. VI.

V. REPHASING AND NONREPHASING
CONTRIBUTIONS TO THE ABSORPTIVE SIGNAL

As already discussed in Sec. III, the time reversal in the
scanning procedure of coherence time t1, from negative to
positive time delays, produces both kI and kII time-domain
signals that contribute into the phase-matched direction to
make up the total signal, i.e., a superposition of the photon-
echo kI and optical free induction decay �oFID� kII profiles.
In analogous frequency-frequency space, the absorptive 2D
spectrum as �experimentally� obtained from �numerical and
optical� double FT with respect to t1 and t3 evolutions of kI

and kII data is the sum of the two signals according to Eq.
�3�. Based on the third order response function theory, each
of them is given by the Fourier transformation of its corre-
sponding response functions30 �see also Sec. VI and Appen-
dix�,

Ekj

�3���1,t2,�3� � i�
0

�

dt1�
0

�

dt3Rkj

�3��t1,t2,t3�

�exp�
i�1t1 + i�3t3�; j = I,II. �4�

Both RkI

�3� and RkII

�3� are causal and vanish for negative times
t1 , t2 , t3 and are built up by a different combination of optical

response pathways R1
�3�, R2

�3�, R3
�3�, and R4

�3� in the conven-
tional nomenclature53

RkI

�3� = R2
�3� + R3

�3� − R1
�3��,

�5�
RkII

�3� = R1
�3� + R4

�3� − R2
�3��.

Note that according to the Feynman diagrams �cf. Figs 4�b�
and 4�d�� the t1 dependence of the kI and kII response func-
tions has opposite sense of phase rotation and thus gives
opposite �1 frequency sign after the Fourier transformations.

According to the above relationships, the rephasing �kI�
and nonrephasing �kII� patterns have been experimentally ob-
tained by reversing the order of arrival of pulses 1 and 2.
Following a previous theoretical treatment,60 one expects
two limiting cases for the evolution of kI and kII data. For
early t2-times, shorter than the correlation time �c �in this
limit the frequency correlation function C�t� has not decayed
much�, the kI echo signal is much more intense than the kII

one. For longer t2-times, i.e., if there is no temporal overlap
of pulse 3 with 1 or 2, the intensity of the kII signal increases.
For t2-times larger than 100 fs the ratio of the rephasing/
nonrephasing intensities is controlled by the loss of correla-
tion memory of the echo signal, which is in accordance with
numerical calculations.71 Both kI and kII signals show their
typical line shapes, while the former is elongated along the
diagonal due to density matrix rephrasing; the latter is ori-
ented into the direction of the antidiagonal.58,59,72 Their sum
is thus oriented horizontally for uncorrelated exciton states.

Figures 6�a� and 7�a� display the experimental 2D kI and
kII line shapes for t2=0, 20, 50, 100, 200, and 500 fs, respec-
tively. The photon-echoes �kI� translate into diagonally elon-
gated absorptive line shapes in 2D frequency domain �Fig.
6�a��, whereas the nonrephasing oFID terms �kII� become
aligned along the antidiagonal axis in 2D-frequency space
�Fig. 7�a��. For waiting times up to 200 fs, the experimental
kI signal is much stronger than the nonrephasing one �EkI

�3�

���1 , t2 ,�3� /EkII

�3���1 , t2 ,�3��3�. Conversely, for longer
population times t2	200 fs, the intensity of the kII signal
grows and both contributions nearly equalize in intensity in
the asymptotic regime. Note, however, that the diagonal
spectral line shapes of the rephasing echo data in Fig. 6�a� do
not give symmetric line shapes, which is mainly due to the
predominant interband exciton population dynamics in this
system. Here, they become parallel to the �1 axis and streak
for this reason, thereby featuring �in tandem with the cross
peaks� electronic coupling, creation, and relaxation of inter-
band excitons and tube-to-tube population transfer.

Finally, comparison of decomposed rephasing and non-
rephasing 2D spectra reveals details of interband couplings
and their different contributions to the overall �kI+kII� ab-
sorptive spectra �Fig. 5�a��. Accordingly, one perceives that
the early coupling between IV and II and its powerful streak-
ing is mainly accessible to the rephasing wave-vector archi-
tecture and, to a major extent, is detected by the kI photon-
echo field. On the other hand, III/II coupling can be
perceived better at longer t2-times in both signals �kI and kII�,
where the system has already lost much of its correlation. On
the other hand, the effect of rephasing and nonrephasing
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pulse sequences is less pronounced for couplings IV/I and
III/I. Simply, each of the IV/I and III/I cross-peak streakings
from kI and kII data differs by tiny positive/negative slopes
of equal size whose orientations �angle� relative to the �1

axis average out in the kI+kII experimental spectra to yield
the horizontal streak spectrum.

The phase-twisted line shapes may be used to disen-
tangle the spectral convolution of band transitions II and III
and thus to characterize, for the first time, the spectroscopic
features of II, III and their role in wave-function mixing and
electronic wave-packet motion due to band-to-band coherent
coupling in the C8O3 architecture.69 Since diagonal line-

FIG. 6. Spectral decomposition of total 2D absorptive spectra �Fig. 5�: Rephasing �kI� 2D photon-echo spectra as function of waiting-time t2. �a� Experiment
and �b� simulation. See text for details.
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widths of individual transitions are narrower in the non-
rephasing spectrum, they have the potential to spectrally re-
solve closely spaced diagonal and off-diagonal peaks usually
concealed along the main diagonal trace of photon-echo
data.73 Quite obviously, the intense and inhomogeneously
broadened peak II overlapping peak III in LA �Fig. 1�c��
becomes spectrally resolved in the kII spectra. For t2

50 fs a negative feature at the location of the cross-peak
IV/III, indicative of coupling between IV and III, can be
observed. Due to oppositely signed contributions �positive
SE and GSB from IV/III and negative ESA from III/II� only
the weak ESA contributions of IV/III coupling and the posi-
tive contributions of SE and GSB of III/II are visible. Gen-
erally, with the exception of this additional cross peaks and

FIG. 7. Spectral decomposition of total 2D absorptive spectra �Fig. 5�: Nonrephasing �kII� 2D oFID-type spectra as function of waiting-time t2. �a� Experiment
and �b� simulation.

054510-13 Coherent 2D electronic spectroscopy of C8O3 J. Chem. Phys. 131, 054510 �2009�

Downloaded 12 Aug 2009 to 128.200.11.132. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



the phase-twisted line shapes and their streaks, no distinct,
additional peaks and streaks other than the ones observed in
the experiments in Fig. 5�a� could be monitored in the
kII-regime. Note that the nodal line between positive and
negative signals in the kII-spectra is not perfectly perpen-
dicular to the main diagonal but rotated off into the direction
of the �1-axis due to the quasi-instantaneous fluctuations act-
ing on the initial peak coherence.

VI. NUMERICAL SIMULATIONS

We have reconstructed the third order signal Eabs
�3�

��t1 , t2 , t3� and its double Fourier transform Eabs
�3� ��1 , t2 ,�3�

analog by theory and computational simulation.30 The fol-
lowing procedures aimed to recover interband electronic
couplings, exciton relaxation, and population transfer rely on
the calculation of the third order optical response function.53

The response function reflects all system properties relevant
for the specific experiment through all possible system Liou-
ville space pathways.

The 2D signal Eabs
�3� �t1 , t2 , t3� is proportional to the re-

sponse function �Eqs. �4� and �5��. A microscopic calculation
of the response function R�3��t1 , t2 , t3� requires explicit infor-
mation about the bottom-to-top architecture of C8O3 and the
nature of its single- and double-excited eigenstates. The me-
soscopic tubular aggregates dealt with in this contribution
contain a huge number of molecules. A microscopic model
that incorporates monomeric site disorder needs to contain at
least roughly several thousands of coupled chromophores for
a double-wall cylindrical structure with converged spectral
properties �i.e., the spectra are independent of the length of
the cylinder�. For instance, for 1000 two-level molecules we
obtain 1000 single-exciton states and �500 000 double-
exciton states. The signal calculation would then have to
involve threefold summation over these states. This rough
estimate already precludes any atomistic-type approach for
calculating nonlinear signals, thus being far beyond the cur-
rently available computational resources. However, the LA
spectrum �Fig. 1�c�� suggests that only few optically active
single-exciton bands are relevant. In order to represent the
observed features and to quantify relaxation pathways and
time scales, we therefore create an effective exciton model
containing single- and double-excited states. These states
represent the whole excitonic bands of the tubule, which
show up in the absorption spectrum. The bands can be single
or double excited, thus each band will be represented by an
anharmonic oscillator. This will allow to implement an itera-
tive fitting procedure of effective model parameters and will
reveal the physical basis of the underlying processes. The
system is represented by the Hamiltonian

ĤS = �
e=1

4

�eB̂e
†B̂e +

1

2
� 

e,e�=1

4

�ee�B̂e
†B̂e�

† B̂eB̂e�, �6�

where B̂e
† is the Bosonic creation operator of the eth band

exciton. The Hamiltonian parameters are the following: �e is
the energy of the eth one-exciton band �determined from
LA�, 2�e+�ee is its biexciton energy, and �e+�e�+�ee� is the
energy of the state if the double exciton is distributed be-

tween the exciton bands e and e�. The quantity � gives the
binding energies of different �or same� exciton bands and
thus is the representation of exciton couplings: If all off-
diagonal elements of the matrix �ee� are zero, the Hamil-
tonian represents uncoupled oscillators and the 2D spectrum
at zero delay time t2 will have no interexciton cross peaks.
Thus fitting of the 2D spectrum provides a handle to deter-
mine the matrix �ee�. This system is coupled to the laser field
through the system-field interaction Hamiltonian

ĤSF�t� = − 
e=1

4

�e · Et�t�B̂e
† +

1
	2

�e
�2� · Et�t�B̂e

†2B̂e
† + H.c.,

�7�

where �e is the transition dipole from the ground state to the
single-exciton e and �e

�2� is its correction for the transition
from the single- to the double-exciton state. Et�t� represents
the total laser field. In the simulations we have assumed the
same polarization for all pulses. The relaxation dynamics
originates from the system-bath coupling represented by

ĤSB = �
e=1

4


�

de�B̂e
†B̂e�â�

† + â�� , �8�

where â�
† and â� are the harmonic bath excitation creation

and annihilation operators for the mode � and de� is the
coupling strength between the mode � and exciton band e.
For the infinite number of bath modes, we use the continuous
bath spectral density reflecting uncorrelated fluctuations of
transition energies

Ce���� = �
�

de�
2 ���� − w�� − ��� + w��� , �9�

where w� is the characteristic frequency of �th harmonic
bath mode. The specific choice of the spectral density reflect-
ing the M-mode overdamped Brownian oscillator bath model
uniquely defines the line shapes of both single- and double-
exciton states. We then have

Ce���� � 
�

M

2�e,�
���

�2 + ��
2 . �10�

Here the �th Brownian mode is characterized by the relax-
ation time scale of the bath correlations ��

−1 and the coupling
strength between the eth oscillator and �th bath mode �e,�.
As a starting point, by examining the LA spectrum and iden-
tifying the four observed peaks I, II, III, and IV, we postulate
four single-excited bands and represent them by four single-
exciton states. Their transition energies and transition dipole
moments �transition amplitudes� are deduced by using the
decomposition of the experimental absorption spectrum into
four Gaussian peaks by a least-squares fitting procedure,
which provide a starting set of parameters. We note, how-
ever, that band I better corresponds to a Lorentzian line
shape. To cover the spectral line shapes we couple each
single-exciton state to two overdamped Brownian oscillator
coordinates �M =2�.74 The first �fast� will be responsible for
the homogeneous linewidth �Lorentzian line shapes�, while
the second �static� will be responsible for the inhomogeneous
linewidth �Gaussian line shape�.
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The LA spectrum is obtained by

�A��� � � Im�
0

�

dt exp�i�t�R�1��t� , �11�

where

R�1��t� =
i

3
e

��eg�2exp�− i�et − �egt − gee�t�� �12�

is the linear response function. g�t� is the complex line-shape
function originating from the system-bath interaction and is
computed from the bath spectral densities as described in the
Appendix. Note that system-bath couplings �e� induce the
shifts in resonant absorption frequencies through g�t�. Addi-
tionally, we have tuned the transition dipole directions away
from all-parallel alignment using linear dichroism data �not
shown�. This adjustment improves the fit of the 2D correla-
tion signals described later. The adjusted parameters �transi-
tion energies, transition dipole amplitudes, and system-bath
coupling constants� are listed in Table I, the resulting calcu-
lated LA being depicted in Fig. 1�c� gives a quite satisfactory
fit to the experimental data.

Expressions of the RkI

�3� and RkII

�3� response functions can
be written for an excitonic aggregate model with the ground
state g, a single-exciton manifold e, and a double-exciton
manifold f of the system eigenstates. We then have for the kI

response function30

RkI,E
�3� �t1,t2,t3�

= 
e4e3e2e1

���ge4
· E4��̄4 + �ge4

���e3g · E3��̄3 − �e3g���

���e2g · E2��̄2 − �e2g���ge1
· E1��̄1 + �ge1

���


�exp�− i�e4gt3 − i�ge1
t1 − �E

�I��t3,t2,t1��Ge4e3,e2e1
�t2� ,

�13�

RkI,B
�3� �t1,t2,t3�

= 
e4,e1

���ge4
· E4��̄4 + �ge4

���e4g · E3��̄3 − �e4g���

���e1g · E2��̄2 − �e1g���ge1
· E1��̄1 + �ge1

���


�exp�− i�e4gt3 − i�ge1
t1 − �B

�I��t3,t2,t1�� , �14�

RkI,A
�3� �t1,t2,t3�

= − 
fe4e3e2e1

���e3f · E4��̄4 + �e3f��� fe4
· E3��̄3 − � fe4

���

���e2g · E2��̄2 − �e2g���ge1
· E1��̄1 + �ge1

���


�exp�− i� fe3
t3 − i�ge1

t1 − �A
�I��t3,t2,t1��Ge4e3,e2e1

�t2� ,

�15�

where we have introduced the complex frequencies �ab��a

−�b− i�ab, �ab� density matrix coherence damping �ab, tran-
sition dipoles �ab between exciton states a and b, zero-
centered laser pulse spectral envelopes E j��� of pulses j
=1,2 ,3 ,4, the pulse carrier frequencies �̄ j, orientational av-
eraging of scalar products �¯ 
, time dependent correlation-
damping phase functions �, as well as single-exciton propa-
gation Green’s functions G. These are described in the
Appendix. “E” denotes SE, “B” as GSB, and “A” as ESA.
Note that the response functions vanish for negative delay
times. For the kII response function we similarly get

RkII,E
�3� �t1,t2,t3�

= 
e4e3e2e1

���ge4
· E4��̄4 + �ge4

���e3g · E3��̄3 − �e3g���

���ge1
· E2��̄2 + �ge1

���e2g · E1��̄1 − �e2g���


�exp�− i�e4gt3 − i�e2gt1 − �E
�II��t3,t2,t1��Ge4e3,e2e1

�t2� ,

�16�

RkII,B
�3� �t1,t2,t3�

= 
e4e2

���ge4
· E4��̄4 + �ge4

���e4g · E3��̄3 − �e4g���

���ge2
· E2��̄2 + �ge2

���e2g · E1��̄1 − �e2g���


�exp�− i�e4gt3 − i�e2gt1 − �B
�II��t3,t2,t1�� , �17�

RkII,A
�3� �t1,t2,t3�

= − 
fe4e3e2e1

���e3f · E4��̄4 + �e3f��� fe4
· E3��̄3 − � fe4

���

���ge1
· E2��̄2 + �ge1

���e2g · E1��̄1 − �e2g���


�exp�− i� fe3
t3 − i�e2gt1 − �A

�II��t3,t2,t1��Ge4e3,e2e1
�t2� .

�18�

A single-exciton propagation Green’s function G describes
the dynamics of the exciton density matrix in the single-
exciton manifold. It is a solution of the generalized Pauli
master equation which describes the decays of the density
matrix coherences as a redistribution of populations. We used
the secular form of the equation of motion as described in the
Appendix. The Green’s function is then given by

TABLE I. One-exciton state energies ��e�, their transition dipoles ��
= �x ,y ,z�; y=0 so we give just �x ,z��, and system-bath coupling strengths
��� for the two bath Brownian modes �the corresponding bath time scales
�fast

−1 =50 fs, �slow
−1 =��. Biexciton diagonal binding energies ��ee�, the biex-

citon state energies �� f =2�e+�ee�, and their transition dipoles �no combina-
tion states� are given as well. Note that here �ef =	2�e+�e

�2�.

Band I II III IV

�e /cm−1 16 705 17 170 17 400 17 890
�e, �x ,z� /a.u. �0, 110� �0, 136� �66, 95� �90, 148�
�fast /cm−1 20 40 40 40
�slow /cm−1 0 30 60 140
�ee /cm−1 150 250 50 0
� f /cm−1 33 560 34 590 34 850 35 780

�e
�2�, �x ,z� /a.u. �0, 40� �0, 20� �0, 10� ��9, �15�

�ef, �x ,z� /a.u. �0, 196� �0, 212� �93, 144� �118, 194�
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Ge4e3,e2e1
�t� = �1 − �e4e3

��e4e2
�e3e1

e−i�e4e3
t

+ �e4e3
�e2e1

�e−Kt�e4e2
, �19�

where K is the population transport rate matrix: Its element
Ke4e2

denotes the exciton transfer rate from state e2 to e4,
while the diagonal elements satisfy Kee=−e�Ke�e. The popu-
lation relaxation has been incorporated by specifying the
transport rates between the single-excited states of the effec-
tive electronic oscillators, thus giving rise to lifetime broad-
ening. The nonlinear signals are then calculated using Eqs.
�13�–�18�,75 which allows to properly treat bath correlations
and exciton transport, respectively. The fast mode of the
Brownian oscillator is the main source of the exciton trans-
port. The static mode induces spectral diffusion and is thus
responsible for Gaussian spectral line shapes. The dephasing
rates � have been used to include only finite lifetime contri-
butions to the dephasing. All other dephasing-correlation
contributions enter through the line-shape functions � and
g�t�.

The calculation of the third order nonlinear response
functions requires knowledge on biexciton states f and popu-
lation transport rates. These are unavailable from the linear
spectrum and there is no straightforward procedure to deduce
biexciton states. However, the biexciton bands participate in
shaping the 2D spectrum as their signals contribute as con-
volutions of single-exciton bands. Thus, we proceed with the
model of coupled oscillators, which is equivalent to our pri-
mary estimate of four single-exciton states. Each oscillator is
an exciton band, consequently has a corresponding biexciton
band with the self-energy being close to twice the single-
exciton energy. Thus, each exciton band is effectively a
three-level anharmonic oscillator. The double excitations in
the double-wall tubular system can be distributed among dif-
ferent exciton bands, thus the whole set of double excitons
also includes interband excitations as the combination states.
In Fig. 8 the complete 14-level scheme �four one-exciton
levels of optically active excitonic bands, four biexciton lev-

els representing intraband double excitations, and six addi-
tional biexciton levels representing interband double excita-
tions� which has been used to model the data is illustrated.
This model is fully consistent with the Hamiltonian in Eq.
�6�. The fitting procedure of the biexciton manifold was per-
formed using experimental 2D signals as follows. First, we
consider t2=0 delay so that exciton transport does not enter
and keep all off-diagonal �ee�=0 but vary only the diagonal
elements �ee to account for the intraband one- to two-band
transitions associated with each of the bands I–IV. In this
way the corresponding energetic positions and intensities are
adjusted for best match of positive and negative contribu-
tions to the diagonal peaks in the 2D signal �cf. Table I�. In a
second step, to model the off-diagonal signal intensities in-
duced by electronic interband couplings, we additionally
tune the off-diagonal elements of �ee� �Table II�. This allows
to uniquely determine the interband coupling strengths.

Iterative readjustment of population transfer rates among
all of the bands I–IV involved in intertube transfer is taken
into consideration for best numerical agreement with the ex-
perimental data at various delay times, i.e., optimum recon-
struction of electronic couplings, relaxation rates, population
streaking, and energy flow in terms of various Liouville
space pathways of the density matrix trajectory and their
corresponding optical response functions. Each of the data
sets �Figs. 5�b�, 6�b�, and 7�b�� has been analyzed by the
above simulation procedure to allow for comparison between
experiment and theory. Note that in all calculations the the-
oretical response functions have been convoluted with the
experimental Gaussian pulses to account for the finite width
of the sub-20 fs pulse envelope taken from the experiment.
Overall, the quality of the computational spectra compared to
their experimental counterparts �Figs. 5�a�, 6�a�, and 7�a�� is
good and comparable with the trends described in the
literature.58,59,72 The fit recovers the dynamical line shapes of
diagonal and cross peaks quite adequately. The distinct line
shapes of kI, kII, and absorptive kI+kII signals have been
reproduced as well.

A survival probability of an exciton state, given it is
prepared in the initial state e, is given by Gee,ee�t�. Alterna-
tively the survival time can be estimated using the population
transport matrix. Its diagonal elements are the rates at which
the exciton population is depleted from these states. Due to
detailed balance the diagonal rate corresponding to state e is
equal to the sum of all rates �along a column in Table. III� at
which an exciton is transferred to all other states e�. For
instance the rate KIV,IV of band IV covers a sum of exciton
population loss times responsible for the population gain of
bands III, II, and I. In Table. III we present inverse rates
which correspond to the exciton survival times. We thus get
�IV of 50 fs, �III of 174 fs, and �II of 403 fs. The 8.5 ps time

FIG. 8. Fourteen-level scheme consisting of four one-exciton states �e�, four
intraband two-exciton states �f�, and six interband combination states �ee��
to model the experimental data. Blue horizontal lines mark the combination
transitions I–III and II–III at which an energy off-set needs to be introduced
for satisfactorily recovering the experimentally observed coupling pattern.

TABLE II. Energies of combination bands ��ee�� and their energetic off-sets
��ee��.

Combination band I–II I–III I–IV II–III II–IV III–IV

�ee� /cm−1 0 50 0 250 0 0
�ee� /cm−1 33 875 34 155 34 595 34 820 35 060 35 290
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scale of band I in our model is related to the thermally acti-
vated uphill energy transfer. This is because we do not in-
clude exciton relaxation to the ground state. The calculated
rates presented in Table. III demonstrate the downward en-
ergy transport IV→ III, III→ II, and II→ I. The fastest path-
way with a rate of 50 fs is associated with IV→ III, where
energy transfers from the peripheral excitons to the excitonic
band of the tube core. This equilibrates in �200 fs through
the III→ II pathway. The final relaxation into band I ��400
fs� is the slowest step. For this reason it is legitimate to state
that the balance between bands III and II remains intact even
with the II→ I transfer process.

VII. DISCUSSION

In this work, 2D coherent electronic spectroscopy has
been applied to the tube-to-tube excitonic energy transfer in
the double-wall cylinder aggregate C8O3. Correlation mea-
surements of exciton absorption ��1� and emission ��3� fre-
quencies have experienced a new dimension in the percep-
tion of the underpinnings that cause exciton scattering and
population transfer. Cross-peak signals reflecting double-
quantum combination transitions of spatially close transition
dipoles and predominantly emerging in the low-energy off-
diagonals ���1�	�3� of the �asymmetric� correlation matrix
provide a direct image of electronic coupling and early quan-
tum dissipation, model-free, and without any preconceived
bias. The cross signals for snapshots at waiting-times t2=0,
20, and 50 fs �cf. Fig. 5�a�� illustrate the first steps of inter-
band exciton dynamics smoothed by finite-pulse spectral
convolution and very early electron-phonon dephasing. The
initial electronic interband coherence is subjected quasi-
instantaneously to dissipative terms of pure and lifetime
dephasing which rigorously damp out oscillatory amplitudes
on time scales of t2	20 fs. With increasing waiting-time
t2	50 fs and ongoing population relaxation, the off-
diagonal peaks �read out by pulse k3� translate into charac-
teristic streaking patterns, which become oriented parallel to
the �1-coordinate and are moderately broadened along the
�3-axis. The formation of these stretched contours, which are
especially significant in large excitonic molecular many-
body systems, can be understood through increasing inter-

band relaxation that populates exciton band I as t2 elapses.
Therefore, population flow gives rise to additional SE� and
ESA� contributions which cause the cross-peak intensity of
the echo signal to increase and to streak.

Moreover, due to admixtures of static site disorder, the
oscillator strengths in the C8O3 aggregate partly fluctuate and
lead to a dispersion of less collective, weakly absorbing tail
states �with a common ground state�. While t2 evolves, the
DOS tail-state excitations undergo energy-dispersive trans-
fer. This type of spectral diffusion changes the first �central
mean� and the second moment �width� of their frequency
fluctuation and, as a consequence, causes the tail states to
energetically spread along the main diagonal ��1�=�3. They
couple to excitonic band dipoles via correlated combination
transitions and are read out by the third interaction k3 to
yield cross-peak intensities proportional to the product of the
squared transition dipoles ���i�2�� j�2� from both the �distrib-
uted� local tail states ���i�2� and the respective excitonic band
states ��� j�2, e.g., the J-band I�. Since the population tail
states evolve in frequency as a function of the waiting time,
this explains spectral streaking and the pronounced increase
in cross-peak intensity with ongoing relaxation as long as
one of the states is a strong absorber �in our case band I�,
even if the transition moment of the corresponding diagonal
signal �tail states of band IV� is weak �intensity stealing�.76

Streaked cross signals in 2D experimental excitonic data and
their intensity growth are therefore a sensitive probe to trace
relaxation processes and explicate electronic coupling, quan-
tum dissipation, and transfer simply by looking into the typi-
cal dynamic motifs of off-diagonal streaking as a function of
the waiting-time t2. In Fig. 5�a� the absorptive spectra and
their streaked coupling patterns image these processes. They
provide a pictorial description of molecular interband exci-
tonics that follows distinct quantum-dissipative Liouville
pathways �cf. Figs 4�b� and 4�d��.30,53

A. Electronic coupling patterns and pathways
of excitonic energy transfer

The 2D experiments shown in Figs. 3 and 5 demonstrate
that the exciton tube-to-tube transfer across the space-energy
landscape of band dipoles I–IV is a network of delicately
balanced intraband mixing, single-step energy transfer, and
migrational band-to-band processes that overall determine
the distinct quantum-dissipative signature of excitation en-
ergy flow in C8O3. In Fig. 3 white arrows in the amplitude
spectra sketch the roads of energy-space excitonic interband
signatures driven by the interplay of interband couplings and
interband population relaxation for distinct waiting-times t2.
Recall that even at t2=0 fs cross peaks between bands IV/II
and III/I are observed. For t2 delays of 50 and 100 fs addi-
tional transfer from IV and II to I leads to the pronounced
streaklike profile of the cross peaks associated with I. Fi-
nally, for t2=200 and 500 fs, the tube-to-tube transfer from II
to I completes the cascade of downhill energy transfer. Thus
it is striking that population of I via the II/I coupling pathway
between outer and inner cylinder coordinates is strongly de-
layed compared to the cross-peak gain of I via direct III/I
coupling. Quite obviously, the initial �delocalized� macroco-

TABLE III. Interband exciton population transfer rates �in ps−1� as derived
from a four band model and an iterative fitting procedure of the experimen-
tal 2D spectra. To facilitate intuitive comparison, the arrangement of the
relaxation rate matrix follows the frequency coordinates of the diagonal and
off-diagonal peaks in the experimental spectra. An off-diagonal element of
the shown matrix thus corresponds to the population transfer rate from a
state indicated by the column into a state indicated by the row. According to
the principle of detailed balance, the rates for uphill and downhill transfers
�forward and backward rates� between two states are related by the Boltz-
mann condition �room temperature�. Inverse lifetimes are given on the di-
agonal.

I II III IV

I 0.117 �1.20 0 0
II �0.117 2.48 �4.03 0
III 0 �1.28 5.76 �20.0
IV 0 0 �1.73 20.0
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herence tries to find the optimum coordinates for the outer
�2� to inner tube �1� population transfer, and this reorganiza-
tion of excitations must proceed via the migrational, multi-
step mechanism which costs time.

2D spectroscopy thus reveals that the dynamics of the
downhill energy flow in C8O3 is no trivial irreversible fun-
neling process, but quite obviously complicated by single-
step source terms that make the kinetics more complex.
More strictly, it is the spatioelectronic architecture of inter-
cylinder excitations and their combination states that
predetermines the nature of couplings. Particularly in the
proximity of bands II and III, spatioenergetic factors, phe-
nomenologically similar to those in the FMO complex,32

seem to create a kinetic bottleneck with a significant increase
in the exciton dwell time and population density numbers in
II/III bands prior to the final event of II→ I outer- to inner-
tube transfer. This becomes evident by inspection of the ab-
sorptive spectra in Fig. 5�a�. For t2	200 fs, the population
gain in the band III manifold due to relaxation from IV
strengthens the quasicoalescence of coupling between bands
III and II, and finally opens the gate to tube-to-tube transfer
on the 200–500 fs time scale, paralleled by the appearance of
the II/I low-energy off-diagonal peak. On this time scale, one
looks into the avenue of incoherent excitation transfer and
sees its quantum-dissipative past simply by qualitative in-
spection of the streaking off-diagonals and the temporal
change in their varying streak lengths. These particulars and
details impressively illustrate why 2D-ES is superior to other
third order techniques. Energy-selective excitation in PP
experiments40 bears a tradeoff in time resolution, whereas the
2D-ES technique allows to exploit broad spectral bandwidths
and short temporal widths of ultrafast excitation pulses in
one and the same experiment.

Moreover, additional insights into the nature of the high-
energy, diagonal absorber IV and its unique role as a power-
ful mediator of optical funneling have been gained in this
2D-ES study. Quite obviously, its ultrafast deactivation has
decisive impact on the early relaxation regime �t2�50 fs�
which dramatically affects the patterns of initial cross peaks
in the subsequent optical dynamics. Despite its short-lived
�50 fs� correlation lifetime, the electronic communication of
band IV �assigned to an intertube ensemble accounting for
the suprastructure� is far reaching and persistent, and its huge
coupling efficiency creates a network of exciton source terms
in the forefront of band II to band I transfer as discussed
above. 2D spectra are sensitive to nonlinear fluctuations, so
they show that the molecular organization of transition IV
must differ from those in I, II, and III, i.e., band IV is less
compact and more exposed to environmental bath dynamics
which may explain its short correlation survival time. It is
therefore tempting to assume that band IV is at least a par-
tially symmetry-broken ensemble expressed by a typical
DOS of distributed �localized� levels and transitions that are
no longer collective but correspond to individual molecular
dipoles with the usual oscillator strengths. For this reason, in
particular the very early streaks of off-diagonals IV/I and
IV/II along the �1-axis, basically controlled by dominating
GSB/SE optical transitions at t2�50 fs, are striking ex-

amples of DOS-induced relaxation as a consequence of band
IV symmetry breaking and exciton-phonon coupling.

On the 200 fs time scale, the interband relaxation trans-
fers populations into the electronic arrival states, both from
linear and nonlinear dipole transitions and correlated combi-
nation transitions from a common ground state. Note that the
presence of both positive and negative contributions to the
cross peak provides strong evidence that one and the same
two-exciton state can be reached from different one-exciton
manifolds. For example, it becomes evident from the absorp-
tive kII spectrum at t2=200 fs that bands III and II are
coupled to each other �concealed cross-peak III/II� and each
of them to band IV �IV/III, IV/II�. In particular, IV/II dem-
onstrates substantial streakings via GSB/SE single-exciton
and ESA biexciton band-to-band relaxation. Consequently,
the latter gain terms increase the SE/GSB and the ESA-
photon-echo intensities as relaxation evolves. Population
flow into III thus causes the intensity growth of the off-
diagonal streaking of III/I and IV/III for both single- and
biexcitonic transitions.

B. Numerical computation revisited

Evaluation of relaxation controlling the quantum kinetics
of excitation energy flow to the inner tube 1 �band I� is not a
trivial task, and only a preliminary solution to the problem
was given in Sec. VI. Perturbational, semiclassical solutions
to the 2D FWM nonlinear response theory53,74,77 by numeri-
cal computation in iterative fit and compare cycles in con-
junction with an effective 14 level scheme �Fig. 8� have been
used to reconstruct experimental 2D spectra. Bath-induced
fluctuations of energy levels determine the linear line shapes,
whereas 2D spectra are furthermore sensitive to correlations
between various level fluctuations �cf. Appendix�. In the
present model, we have assumed that the bath-induced fluc-
tuations of the single- and double-excited states of each ef-
fective oscillator are fully correlated, whereas for different
oscillators the fluctuations of levels are uncorrelated. Within
these assumptions, the line-shape functions for the double-
excited states can be uniquely deduced from the line-shape
functions of the single-excited states. The model parameters
are listed in Tables I–III.

Contrary to a preliminary evaluation,78 analysis of the
experimental 2D spectra has been performed here using ex-
perimental Gaussian pulse envelopes in the calculation of the
optical response and taking into account both rephasing
photon-echo �kI� and nonrephasing �kII� data. Figures 6 and
7 show the rephasing and nonrephasing signals in compari-
son with theory and experiment, while Fig. 5 displays their
summation. The kI and kII signals show their unique line
shapes: The kI line shapes are elongated along the diagonal
due to density matrix rephasing, whereas the kII patterns
show antidiagonal orientation, both resulting in relatively
horizontal elongation in the line shapes of the sum. Both
field sequences are sensitive to combination transitions and
coupling with cross peaks parallel �kI� or perpendicular �kII�
to the main diagonal trace and quasihorizontal in the sum
�kI+kII�.

The simulation of the relaxation spectra recovers the off-
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diagonals and their streaking features quite satisfactorily.
Moreover, the decay of diagonal intensities is adequately re-
constructed for longer times t2. Aside from sorting into dif-
ferent pathways in different wave-vector combinations, this
results from a reevaluation of the density of exciton states in
C8O3. In Ref. 78 we have used a single fast overdamped
Brownian oscillator with t=50 fs relaxation time scale to
account for spectral line shapes. This assumption was based
on the observation that the first exciton band is Lorentzian, in
very good agreement with a reasonable system-bath coupling
�20 cm−1�. However, for the broader high-energy bands this
fixation yielded very broad, relatively circular, and thus low-
intense peaks at large t2 delay times. By contrast, the experi-
ments show that the high-energy peaks remain elliptical and
quite strong at all delay times. Therefore, we have attributed
the high-energy exciton bands �III and IV� to correspond to
the high density of exciton states, which are highly inhomo-
geneous �as a consequence of additional structural and ener-
getic disorder in the aggregate�. To capture this we have
modified our bath model to include both fast �50 fs� and slow
�static� Brownian oscillators. To accommodate new reorgani-
zation energies we have adjusted the single state energies and
their transition dipoles to fit the absorption and double-
exciton binding energies to fit the 2D spectrum. The 2D cal-
culations in Fig. 5�b� now yield narrower exciton bands
across the main diagonal of high-energy exciton bands �II–
IV�. The population transport rates are such that population
from band IV goes to III and then to II, where it stays for up
to 500 fs. In the spectrum this is observed through fast decay
of bands IV and III and slow decay of band II, which is in
accordance with the experiment �cf. Sec. IV�. The spectral
line shapes in I and II remain elliptical, i.e., the 2D spectra
now show more distinct diagonal elongation of peaks, repre-
senting inhomogeneously broadened exciton resonances.

The simulation method outlined in this work enables to
quantify the coupling and relaxation pattern of the system
and thus to find a useful, first approximation to the problem
of coupled high-dimensional excitonic tubes, basically un-
tractable in an ab initio atomistic treatment. To close, note
that the effective level scheme �Fig. 8� immediately explains
band-to-band coupling and its origin due to double-quantum
combination transitions. From this point of view, fields can
act on two different single-excited states �say �e1
 and �e2
�,
which can be seen as a double-excited combination transition
�e1e2
. The contributions of these combination transitions ex-
actly cancel in the case of noninteracting single-excited
states, i.e., when �i� the transition moments are kept �i.e.,
�ge1

connects �e1
→ �e1e2
 and �ge2
connects �e2
→ �e1e2
�

and �ii� the energy of the double-excited �combination� state
matches the sum of the two states involved. By shifting the
combination transition energy, one can eliminate this cancel-
lation and induce a cross peak. This corresponds to “exciton-
repelling/attracting” interactions.79 Note that the 2D spectra
calculated this way are very sensitive to the shift and thus
provide a good test for the coupling pattern between the
aggregate bands. It is remarkable that the experimental peak
pattern is reconstructed if band IV has zero coupling with
other bands; the weak shoulder at IV/II crossing at short
delay times may be attributed to a continuation of a strong

inhomogeneously broadened III/II cross peak. While the di-
agonal value of � of IV band is 0 as well, the diagonal peaks
survive due to asymmetry of their transition dipoles, which
indicate that band IV has properties of a two-level electronic
oscillator with weak signatures of excitonic interactions. The
III–IV and I–IV cross peaks emerging at later delay times are
mostly related to population flow in the aggregate.

VIII. CONCLUSIONS AND OUTLOOK

Our measurements have shown that coherent 2D elec-
tronic spectroscopy in absorption/emission ��1 ,�3� fre-
quency correlation maps produces a novel quality of molecu-
lar interband spectroscopy in the visible optical transition
regime. We have demonstrated how 2D-ES can be used to
trace electronic coupling, single-step, and sequential band-
to-band energy transfer and, combined with model simula-
tions, reveal transfer rates for the energy-space excitation
flow in a multiband aggregate. This paper is the first rigor-
ous, experimental/theoretical work applied to the puzzle of
ultrafast correlations in the tubular aggregate C8O3, in aque-
ous solution and at room temperature, for cross signals mea-
sured at the shortest wavelength reported so far. Only a few
2D studies on molecular systems in the visible spectral range
exist so far,29,32–34,45,69,70,78,80 since 2D electronic transitions
in the high-frequency optical cycle regime are more difficult
to manipulate compared to their vibrational �IR�
counterparts.81

In our experiments, low-energy cross peaks in the corre-
lation maps �triangle below the main diagonal� highlight
weakly relaxing, electronic interband coherence for early
waiting times �t2�20 fs�. The existence of these off-
diagonal signals at room temperature is surprising and may
be attributed from a molecular/stereochemical point of view
to the reduced fluctuations in the hydrophobic interface be-
tween the two cylinders which lengthens the survival time of
the coherent memory in the intertube, energy-transfer re-
gime. The oscillatory amplitudes of the coherent kernel,
however, have not been observed in comparison with the
long-lasting coherent quantum motion in the biological FMO
complex at low-phonon temperature.34 Rather, the ongoing
streaking of the cross peaks in conjunction with the continu-
ous growth of their signal intensity is the striking observable
that is dominating our experiments for waiting-times t2

	50 fs. Spectral streaking of 2D absorptive spectra in C8O3

is the typical dissipative signature of electronic coherence
loss due to energy-dispersive exciton population triggered by
uncorrelated fluctuations of exciton bands. Off-diagonal in-
terband phase relaxation generates continuously increasing
intercylinder populations for lack of depopulation channels
�fluorescence� on this ultrafast time scale �and in the absence
of exciton annihilation�. When read out by pulse k3, they are
launched into both coherent and incoherent doorway states
whose super-radiant transitions give rise to growing signal
intensities and spectral streaking.

Vice versa, cross peaks and their early streak formation
have ground-breaking diagnostic impact on the visualization
of the various stages of interband coherence loss and quan-
tum dissipation. Both amplitude �Fig. 3� and absorptive part
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spectra �Fig. 5� provide a direct and complementary time-
resolved view on the entirety of the typical dynamic motifs
describing the overall quantum-kinetic �non-Förster-type�
energy-space transfer in this aggregate system, i.e., initial
band-to-band delocalization, interband dephasing, coupling,
and on longer time-scale �t2	200 fs� energy transfer in
population space between the inner and outer wall tubules,
quasimodel-free, and without preconceived bias. These ex-
periments are therefore superior to spectrally resolved PP
spectroscopy. One advantage is that 2D-ES as a phase-locked
and time-resolved heterodyne FWM technique uses three ex-
citation pulses, so that a clear timing axis for coherence time
t1 exists along which the time ordering of the first two pulses
can be interchanged. This leads to rephasing photon-echo
spectra EkI

�3���1 , t2 ,�3� and nonrephasing spectra EkII

�3�

���1 , t2 ,�3� derived from the oFID E�3��t1 , t2 , t3�. Both
spectra give the couplings, but the time-ordered kI photon
echo spectra eliminate inhomogeneous broadening �IHB�
and factorize both types of dephasing HB and IHB in one
and the same experiment. On the other hand, the antidiagonal
kII data with phase-twisted line shapes have narrower diago-
nal linewidth which helped to identify, for the first time, the
orthogonal band III �congested in the kI data� as a �low-
intense� disentangled absorber on the main diagonal. Another
advantage over 2D PP is close at hand. Since the complex
2D correlation spectra EC

�3�=Eabs
�3� + iEdis

�3� are obtained from a
sum of kI and kII data EC

�3�=EkI

�3���1 , t2 ,�3�+EkII

�3���1 , t2 ,�3�,
the two types of signals serve to eliminate the dispersive part
in favor of the pure absorptive part. Finally, spectrally re-
solved PP spectroscopy interrogates the intensity dynamics
of excited bands I, II, III, and IV and measures the tube-to-
tube transfer via population transfer.42 Thus the technique
reflects the incoherent, downhill population flow from IV to
I along the main diagonal trace, as it was shown by PP simu-
lations for directed energy transfer in a two-exciton
manifold.82 2D-ES, however, spans up the entirety of diago-
nal and off-diagonal signals along the rectangular triangles in
���1���3� space of the correlation matrix below the main
diagonal trace and thus measures time-dependent �3-�1 cor-
relations not only along the hypotenuse �diagonal peaks� but
also the cross peaks along the horizontal and vertical cathete
�off-diagonal peaks and streaks�. 2D-ES thus reveals the real
underpinnings of population transfer in C8O3, i.e., electronic
coupling/wave-packet motion34,69 and early electron-phonon/
exciton-population scatter. A similar quality with comparable
information content may emerge by the very recent and el-
egant 2D-PP advancement in Zanni and co-worker.83 In this
configuration the pump is a double pulse which—phase
locked and time delayed in a pulse shaper—opens variable
timing between pulse replicas 1 and 2 along t1 coherence
time. Interrogation via the probe pulse yields the measuring
signal as a convolution of the double-pulse coherence and
the probing field in frequency-frequency space without using
an additional LO and the phasing procedure.

In closing, our 2D-ES studies have shown that the or-
ganic bitubular C8O3 aggregate with nanoscopic interwall
dimensions and several hundreds micron cylinder length be-
haves as a short-lived mesoscopic quantum system with sig-

nificant interband energy transfer pathways making this self-
assembled system a promising candidate for an artificial
light-harvesting device at room temperature. C8O3 has beau-
tiful symmetries and is an ideal model system for studies on
chirality related interband excitonic phenomena by using
multidimensional spectroscopy. In general, shaped pulses
generate different polarization target areas, while polarized
pulses with variable vertical and horizontal planes in 2D
experiments33,84 imprint variations in the diagonal and off-
diagonal traces of the correlation spectrum. In any case, they
are modifying the quantum memory kernels of interband
couplings85 which may affect the details of energy-space-
time pathways of interband excitons. Such cross-peak spe-
cific 2D-ES experiments on bitubular C8O3 and derivatives
in combination with atomistic computations based on a chi-
ral Hamiltonian are on the way.
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APPENDIX: CORRELATED PROPERTIES
OF A NONLINEAR MULTIBAND SYSTEM

1. Obtaining model parameters from the linear
and 2D spectra

The linear optical properties of the model are given by
the transition energies of each oscillator �e and the corre-
sponding transition dipoles �e which constitute the single-
exciton manifold e. The 2D spectrum is a fingerprint of non-
linear properties of the whole system described by Eqs.
�6�–�10�.30 The model has been adapted for the tubular ag-
gregate in Sec. VI. The nonlinearity of the model is im-
printed in the properties of the double-exciton states. The
doubly excited states can be separated into two groups. �i�
The double excitations of the eth oscillator, f ��ee�. They
have energy 2�e+�ee. �ii� The doubly excited intermode
state of the whole system when two oscillators e and e� are
single excited �so-called combination state�, f = �ee��, e�e�.
Such states have energy �e+�e�+�ee�. Each oscillator can be
excited to its own doubly excited state f = �ee� only from its
single-excited state e with the amplitude of this transition
being the dipole �e,�ee�=	2�e+�e

�2�. The transition dipole
from the single excited state of the oscillator e into the com-
bination state f = �e�e�� e��e� is given by �e,�e�e��=�ee��e�
+�ee��e�. These spectroscopic parameters are sufficient for
the characterization of nonlinear properties of the coupled
oscillator model. The spectral peak positions and amplitudes
are now determined by �, � �these affect the LA and the 2D
spectra� and �, ��2� �which affect only 2D spectra�. To ac-
count for correlated spectral line broadening, each effective
oscillator is coupled to an overdamped Brownian oscillator
given by Eq. �8�. This results in fluctuations of system
Hamiltonian parameters. Fluctuations of eigenstate energies
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induce spectral broadenings. For the whole system this re-
sults in the matrix of the line-shape functions gab, which
characterize correlated fluctuation of transition energies of a
and b global states. The line-shape function is related to the
fluctuation correlation function as described in Ref 53. For
our model of a set of Brownian coordinates �see Eq. �10�� the
line-shape function is given by

gab�t� = 
�

M
�ab,�

��
�2kBT

���

− i��exp�− ��t� + ��t − 1� .

�A1�

We assume that the bath induces uncorrelated fluctuations of
transition energies of the oscillators. In this case for our
model described by Eqs. �6�–�10� the �ab,� parameters can be
easily expressed using the oscillator fluctuation parameters
�e,� in Eq. �10�. We then get the global eigenstates as fol-
lows: �ab,�=0, if one a or b is the ground state g. Within the
single-exciton manifold only

�ee,� = �e,� �A2�

are not zero.
For the off-diagonal part if a is within e �single-exciton�

manifold and b is within f �double-exciton� manifold we
have

�e�e�e��,� = ��ee� + �ee���e,�. �A3�

Here the e state corresponds to the single excitation of the
eth oscillator, the f state is either the combination state e�
�e� or the overtone state e�=e�. Finally, for the line-shape
functions in the double-exciton manifold we have

��e1e2��e�e��,� = ��e1e� + �e1e���e1,� + ��e2e� + �e2e���e2,�.

�A4�

The fluctuation-induced line-shape functions � for each path-
way in Eqs. �13�–�18� account for their correlated dephasing
and relaxation. Based on the results of previous work30,75 we
use cumulant expansion techniques, where we properly ac-
count for coherent and population dynamics and take care of
correlated bath fluctuations between various time intervals.
Thus we obtain the respective fluctuation induced line
shapes. The spectral broadening correlation functions for the
third order response in Eqs. �13�–�18� are given in terms of
the line broadening functions g�t�,

�E
�I��t1,t2,t3� = �e2e4

�e4ge1

� �t1,t1 + t2 + t3,t1 + t2,0�

+ �1 − �e2e4
��̄e4ge4e1

� �t3,t2,t1� , �A5�

�B
�I��t1,t2,t3� = �e3ge1

� �t1 + t2,t1 + t2 + t3,t1,0� , �A6�

�A
�I��t1,t2,t3� = �e2e4

�e4fe1

� �t1,t1 + t2,t1 + t2 + t3,0�

+ �1 − �e2e4
��̄ fe4e4e1

� �t3,t2,t1� , �A7�

�E
�II��t1,t2,t3� = �e2e4

�e4ge1
�t1,t1 + t2,t1 + t2 + t3,0�

+ �1 − �e2e4
��̄e4ge4e1

�t3,t2,t1� , �A8�

�B
�II��t1,t2,t3� = �e3ge1

�t1 + t2 + t3,t1 + t2,t1,0� , �A9�

�A
�II��t1,t2,t3� = �e2e4

�e4fe1
�t1,t1 + t2 + t3,t1 + t2,0� , �A10�

+ �1 − �e2e4
��̄ fe4e4e1

�t3,t2,t1� , �A11�

with the correlation-induced functions

�cba��1,�2,�3,�4� = − gcc��43� − gbb��32� − gaa��21� − gcb��42�

+ gcb��43� + gcb��32� − gca��41� + gca��42�

+ gca��31� − gca��32� − gba��31� + gba��32�

+ gba��21� , �A12�

�̄cbe�e�t1,t2,t3� = − gee�t1� − gbb�t3� − gcc
� �t3� − gbe�t1 + t2 + t3�

+ gbe�t1 + t2� + gbe�t2 + t3� + gce�t1 + t2 + t3�

− gce�t1 + t2� − gbe�t2 + t3� + gcb�t3� + gbc
� �t3�

+ gce�t2� − gbe�t2� + 2i Im�gce��t2 + t3�

− gce��t2� − gce��t3� − gbe��t2 + t3� + gbe��t2�

+ gbe��t3�� . �A13�

The linear and third order response functions can now be
calculated using Eqs. �11�–�18� with the spectral broadening
correlation functions. The 2D signals calculated from the re-
sponse functions are therefore sensitive to correlations be-
tween various transition energy fluctuations through the
fluctuation-induced line-shape functions � which mix all
three time intervals.

2. Redfield equations for quantum exciton transport

The density matrix propagator G in Eqs. �13�–�18� de-
scribes free-field density matrix dynamics in the singly ex-
cited manifold due to fluctuations of interband couplings.
Various levels of theory have been developed to describe
system excited state dynamics with the fluctuations. Using
the second order perturbation theory within the Markovian
approximation, the Green’s function satisfies the Redfield
equation

d

dt
Ge4e3,e2e1

= − i�e4e2
�e3e1

�e2e1
Ge2e1,e2e1

+ 
e�e�

Ke4e3,e�e�
�R� Ge�e�,e2e1

. �A14�

Here K�R� is the Redfield relaxation superoperator. This type
of equation may lead to nonphysical, negative, or larger than
one exciton probabilities for specific choices of K�R�. We
therefore use the secular approximation. It decouples the
density matrix populations and coherences. In the secular
approximation we have

Ke4e3,e2e1

�R� = �1 − �e4e3
��e4e2

�e3e1
�e4e3

+ �e4e3
�e2e1

Ke4e2
.

�A15�

In our simulations we use the Markovian approximation for
the off-diagonal fluctuations. All diagonal fluctuations are
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included into the spectral broadening functions. Only life-
time broadenings are then included in the dephasing param-
eter �. It gives �ab= �Kaa+Kbb� /2. While the relaxation pa-
rameters can be calculated using a microscopic bath model
of the off-diagonal Hamiltonian fluctuations,30 we have fitted
the rate matrix directly for our phenomenological model.
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