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Abstract: We show how long-lasting coherence enhances energy transfer rate in a 
photosynthetic complex based on an analysis of data collected using a newly developed two-
color electronic coherence photon echo technique and theoretical simulations. 

Introduction 
Long-lasting quantum beating observed in the FMO complex by two-dimensional 
(2D) spectroscopy suggests that energy transfer in a photosynthetic complex occurs in 
a wavelike coherent fashion instead of by incoherent hopping [1]. The contribution of 
the long-lasting quantum coherence in promoting energy transfer efficiency in 
photosynthetic complexes is an intriguing question. Even though transient absorption 
and 2D spectroscopic studies have provided evidences of electronic coherence in 
photosynthetic systems, a quantitative measurement that can unambiguously reveal 
quantum coherence dynamics is still unavailable. Here, we present a visualization of 
quantum coherence dynamics obtained by a new technique, two-color electronic 
coherence photon echo (2CECPE), that exclusively explores the coherence dynamics 
between two excitonically coupled states. We also show how the quantum coherences 
can promote energy transfer rate in photosynthesis by theoretical simulations. 

The new method was applied to the reaction center (RC) of photosynthetic 
bacterium, Rhodobacter Sphaeroides. The RC is where the solar energy is 
transformed to chemical energy after being collected by antenna complexes. It is a 
pigment-protein complex where proteins closely pack six chromophores: a pair of 
bacteriochlorophylls (P), another bacteriochlorophyll flanking P on each side (BA and 
BB), and a bacteriopheophytin next to each B (HA and HB) [2]. The complex has 
distinct bands at 870, 800 and 750nm which are assigned to the P, B, and H bands, 
respectively. Energy transfer occurs from H to B in ~100fs and from B to P in ~150fs 
in isolated RCs. Once P is excited, electron transfer occurs from P to B to H in ~4ps.  

Experimental Methods  
A schematic diagram of the 2CECPE experiment is illustrated in Fig. 1a. 2CECPE is a 
four-wave mixing technique where three pulses (ω1, ω2, ω3; numbers indicate pulse 
sequence) are focused on a sample in equilateral triangle geometry. A similar scheme 
was used to perform two-color three-pulse photon echo peak shift (2C3PEPS) 
experiment with the condition ω1=ω2≠ω3 [3]. Conventional 2C3PEPS signals are from 
third order responses from population states (either excited or ground state) generated 
by the interaction of the sample with the first two pulses. Therefore 2C3PEPS signals 
respond to the population evolution. In contrast, the 2CECPE setup requires 
ω1=ω3≠ω2, which generates coherence between two excitonic states during t2 (see 
below). This pulse sequence allows only signals related to the coherence of interest to 
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be detected and avoids signals from the evolution of population. The relevant double-
sided Feynman diagrams are shown in Fig. 1b. The time-integrated photon echo 
signal in the phase matched direction (kS=-k1+k2+k3, where k represents a wave 
vector) is collected by a PMT as a function of the delays between the pulses, t1 (delay 
between the 1st and 2nd pulses) and t2 (delay between the 2nd and 3rd pulses).  

 

Fig. 1. (a) A diagram of the 2CECPE experiment. (b) The Liouville pathways that contribute to 
2CECPE signal. (g: ground state, α and β: one-exciton states, f: two-exciton state |α>⊗|β>) 

Results and discussion 
As the first demonstration of 2CECPE, we studied coherence dynamics between B 
and H in RC with P oxidized by K3Fe(CN)6 [4]. The oxidation avoids complexity 
involved with electron transfer process, but does not affect the energy transfer 
process. We used 800nm (ω2) and 750nm (ω1 and ω3) pulses.  

Fig. 2a shows the results of the 2CECPE experiment on the oxidized RC at 77K.  
Note that the t1 and t2 axes correspond to the evolutions of the |g><H| and |B><H| 
coherences, respectively (Fig. 1b). It is clear that the |B><H| coherence along t2 lasts 
for a surprisingly long time (~440fs of dephasing time) compared to |g><H| coherence 
along t1. We simulated the results using an impulsive limit third order response 
function formalism based on a coupled heterodimer model (Fig. 2b). Our simulation 
shows that such a long-lasting coherence can only be explained by strong correlation 
between the protein-induced fluctuations in the transition energy of the B and H 
chromophores.  This result implies that the coherence is protected by the protein 
environment, which likely promotes efficient energy transfer. 

 

Fig. 2. Experimental (a) and simulation (b) results of the 2CECPE for the oxidized RC at 77K. 
a.u., arbitrary units. The oscillatory pattern results from a vibrational wavepacket in H. 

 
The surprisingly long-lasting |B><H| coherence also implies that coherences 

between donors and acceptors should be properly incorporated in description of 
excitation transfer in the RC although this is not usually done. In Fig. 3a, we show the 
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simulated population dynamics of a coupled two-level system in the site-
representation (|b> and |h>) by taking into account the non-zero off-diagonal terms of 
the density matrix to visualize how excitation moves in space. The coherent picture 
exhibits oscillations of population on each site, that is, wavelike reversible motion 
between two sites. The result of a more physical simulation in which an efficient 
energy trap next to B (e.g. P) is added is depicted in fig. 3b. In this case, the h-site 
population decays rapidly (~1/150fs) even though the intrinsic kh→b (=1/500fs) is slow 
because the ultrafast (1/30fs) trapping process “catches the peaks” of the oscillatory 
behavior of b-site population. 
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Fig. 3. Simulated population dynamics in the site-representation (a) without a trap site (b) with 
a trap site. The dynamics is obtained by solving the Bloch equations. A coupling constant 
J=220cm-1, energy gap ωhb=680cm-1, and |B><H| dephasing rate γ=1/440fs were used. In 
addition, the intrinsic h→b rate constant, kh→b, is assumed to be 1/500fs. In (b), the trap site is 
directly coupled to b, with a trapping rate kb→trap=1/30fs. The rapid kb→trap effectively couples h 
directly to the trap, as seen in (b).    

Conclusions 
2CECPE is a new method ideal for the interrogation of the coherence dynamics 
between two excitonically coupled states. The first application of 2CECPE on the RC 
shows that the protein protects the quantum coherence to accelerate the energy 
transfer process in the photosynthetic pigment-protein complex.  

Further work on coherence dynamics of the |B><P| and |H><P| coherences in the 
RC is in progress. 2CECPE is also being used in our group to study a coherence 
transfer between difference coherences by frequency resolved detection. 
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