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Abstract Optical heterodyne two-dimensional (2D) photon echoes from room-temperature 
BIC J-aggregates were recorded. Analysis of the time-dependent 2D spectrum reveals the 
frequency dependence of the exciton relaxation, and discriminates diagonal and off-
diagonal exciton phonon coupling. 

Frequency-dependent dynamics is expected to be ubiquitous in systems with band 
structures. Quantum dynamical models of relaxation in such systems generally 
predict heterogeneous dynamical behavior, but most experiments provide 
information that is averaged over the distribution of dynamics. In this paper, we 
show that two-dimensional (2D) optical heterodyne photon echo spectroscopy [1] 
can reveal the frequency dependence of exciton relaxation in room-temperature 
BIC J-aggregates in aqueous solution. Our method also allows discrimination of 
the influence of diagonal and off-diagonal exciton-phonon coupling. 

We have constructed a 2D Fourier-transform spectrometer which is shown in 
Figure 1. 

Fig. 1. Experimental setup. Two time-
delayed parallel beams are focused on a 
diffractive optics (DO) by a 20-cm lens. 
The beams from the first diffraction orders 
provide the excitation pulses (1-3) and the 
local oscillator (4 = LO). They hit a 
spherical mirror (2/ = 5 0 cm) and are 
focused into the sample via a plane folding 
mirror. Time delay T between pulses 1 and 
2 is introduced with interferometric 
precision by movable glass wedges. 
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The apparatus shown in Figure 1 [2, 3] has a number of significant features: 
(1) The heterodyne detection allows recording of very weak signals ( < 100 aJ in 
the signal pulse), (2) the small ( r ) wedge angles (delay 1, delay 2 in Figure 1) 
provide highly precise and repeatable delays (± 5 as ), (3) the phase stability is 
very high and fringe patterns do not change over many tens of minutes (4) 
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scattering is subtracted by an automated shutter. We wish to detect only E4 -Estg. 
This is achieved by taking the following subtraction \Ej+E2-^Es+Esigf'\Es-^E4\ -
\Ei+E2+Esigf', here £;, E2 and Es represent scattered electric field of pump pulses 
1,2 and 3 in the direction of the collinear reference and the signal beams with 
electric fields E4 and Egtg respectively. This allows us to take 2D spectra with 
background of <2% from quite highly scattering samples, (5) we determined the 
absolute phase of the 2D spectrum via comparison with a separately measured 
frequency resolved pump-probe signal. The experiments were carried out with 40 
fs near bandwidth limited 596 nm pulses at 3 kHz repetition rate. The signal field 
is recovered via spectral interferometry [4, 5,6], while the coherence period, x, 
and p opulation p eriod, 7, d elays were s canned in t he t ime d omain. Pump p ulse 
intensities below 10̂ ^ photons/(pulse cm^) were used to minimize the effect of 
exciton-exciton annihilation. 

Figure 2a shows the real part of the 2D spectrum for population times 7=0, 50 
and 500 fs. The signal consists of two parts: a positive region (upper) representing 
bleaching and stimulated emission in the ground to 1-exciton band, and a negative 
region representing absorption from the 1-exciton to the 2-exciton band. Several 
features are apparent in the evolution of the real 2D spectra. The slope of the nodal 
line, which corresponds to the memory in the system, has considerably decreased 

Fig. 2(a). Real part of the 
2D spectrum from BIC J-
aggregates at (from left to 
right) population periods T 
of 0 fs, 50 fs and 500 fs. 
Dashed (solid) lines 
represent negative 
(positive) lines. (b) 
Absolute value 2D spectra 
at population times T (left 
to right) 0 fs, 50 fs and 
500 fs. The ratio of the 
maximum values of the 0, 
50 and 500 fs plots is 
2:1.6:1. 
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by 500 fs as a result of spectral diffusion from exciton population relaxation. 
Second, the negative feature in the spectra decreases in intensity with respect to 
the positive feature as population time increases. Modeling shows that this results 
mostly from exciton relaxation. Figure 2b shows the absolute value 2D spectra at 
r=0, 50 and 500 fs. 

The 2D spectra in Figures 2a and 2b can be calculated from the full third-order 
response function R^^^(T,T, t). For the remainder of this paper we will focus on the 
absolute value spectra in Figure 2b. In the 2D frequency plane (0)^ ^cojesich 
contribution to the signal is centered on its emission (cojsind absorption (cOj) 
frequency points with a width related to the decay of coherences during r and t. 
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Population transfer during the population period, T, broadens the anti-diagonal 
width of the 2D spectrum as the initial and final transitions occur at different 
frequencies. Thus measuring the anti-diagonal width of the absolute value 
spectrum as a function of frequency reveals the frequency dependence of the 
relaxation. Figure 3a shows the experimental anti-diagonal width as a function of 
frequency. The width in the high frequency region increases substantially as T 
increases, as a result of the exciton population relaxation. Calculations based on 
modified Redfield theory and allowing for exciton relaxation induced dephasing 
during all time periods as well as the population transfer in the second time period 
(described with the master equation) [7, 8] are shown in Figure 3b. Figure 3c 
shows simulations without the exciton relaxation. Figures 3b shows that exciton 
relaxation is required to reproduce the experimental trend. 

Fig. 3. Anti-diagonal width of the 
absolute-value 2D spectrum as a 
function of frequency relative to 
the 2D peak value for population 
times r = 50 fs (solid line) and T 
= 500 fs (dashed line), (a) 
Experiment, (b) calculation 
including exciton relaxation, (c) 
calculation without exciton 
relaxation and (d) simulated 
absorption spectrum with 
frequency dependent relaxation 
(depopulation) rate superimposed. 
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In summary, our two-dimensional photon echo studies of BIC J-aggregates 
demonstrate the frequency dependent dynamical behavior across the exciton band 
(Fig. 3d) explicitly. The method also retrieves renormalized values of the static 
disorder and the electron-phonon coupling strength. The method can directly be 
applied to biological aggregates and solid state systems. 
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