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The multiexciton density matrix theory is utilized to achieve a microscopic description of exciton-exciton
annihilation (EEA). We apply the theory to the 18 bacteriochlorophyll (BChl) molecules of the B850 ring of
the light-harvesting complex LH2 ofRhodobacter sphaeroides.The simulation of the EEA process reproduces
the intensity-dependent transient absorption kinetic experiments very well, and insight is obtained on
microscopic parameters such as the internal conversion rate of BChl in LH2. The exciton dynamics and the
different relaxation processes are visualized by constructing a multiexciton spectrogram.

Introduction

Femtosecond spectroscopy has been used to reveal details
of excitation energy (exciton) relaxation and transfer in various
types of chromophore complexes. To study higher excited states
and to discover new relaxation channels such as exciton-exciton
annihilation (EEA), it is a common practice to vary the intensity
of the laser pulse used to excite the chromophore complex.
Annihilation experiments have been reported for dye ag-
gregates1,2 and various photosynthetic antenna systems: the
FMO-complex,3 LH1,4,5 and LH2.6 So far, EEA has been often
described by the rate equation∂n(r ,t)/∂t ) -γn(r ,t)2 with the
exciton densityn(r ,t) at the spatial positionr and the annihilation
rate constantγ (for a recent overview, see ref 7). Besides such
a macroscopic description valid for larger aggregates, various
microscopic theories have been presented including a correct
computation of the rate constantγ.8-11 An anharmonic oscillator
description of Frenkel excitons could be utilized recently, too.12

In this letter, we report on the description of EEA processes by
a generalization of the multiexciton density matrix theory, i.e.,
the approach which directly accounts for multiple electronic
excitations in chromophore complexes.13 The theory is applied
to the B850 ring of the LH2 complex ofRhodobacter sphaeroi-
deswith 18 bacteriochlorophylls (BChls) (see, for example, ref
15).

EEA is usally described as follows. If two excitations being
in the S1-state of the chromophores move close together, their
excitation energy can be used to create a higher excited Sn-
state (n > 1) at one chromophore leaving behind the other in
the S0 ground state (exciton fusion). In a second step, an ultrafast
internal conversion process moves the chromophore that is just
in the higher excited Sn-state back to the S1-state. If this view
on EEA is embedded into the multiexciton theory, the descrip-
tion automatically accounts for the exciton fusion because the
two-exciton states incorporate the mixture of two S1-excitations
and a single Sn-excitation. Now, EEA is obtained as an effective
radiationless transition from the two-exciton to the single-exciton

manifold12 (for details, see also ref 14). After this has been
included into the density matrix theory, we calculate the transient
absorption spectra of ref 16, and the results of our simulations
are visualized with the help of a multiexciton spectrogram.
Details of the measurements are not reported here but can be
found in ref 16.

Multiexciton Density Matrix Approach

Besides the ground-state and the single-exciton state, the
multiexciton theory includes multiple excitations, i.e., the
simultanous presence of two, three, etc. excitons, with the
specification that higher excited states (Sn-states) of single
chromophores are accounted for, too. The two-exciton states,
for example, include states in which the excitations are on
separated chromophores as well as states in which an individual
chromophore is in the Sn-state. Taking the complete Hamiltonian
which includes electronic chromophore excitations and an
electronic interchromophore coupling (dipole-dipole interac-
tion), its diagonalization yields the multiexciton states,|RN〉,
corresponding to the presence ofN-fold excitations in the
complex. Once these states have been used as a representation
of the density operator, we end up with the multiexciton density
matrix F(RN,âM;t). If RN ) âN, it describes the multiexciton
population in theN-exciton manifold, otherwise the density
matrix elements represent so-called coherences (within the same
manifold as well as between different ones).

The equation of motion forF(RN,âM;t) has to account for
electronic excitation energy dissipation as well as a coupling
to the radiation field. It has been derived previously in the usual
Markov and Bloch approximation13,17 and reads

wherepΩ(RN,âM) is the energy difference of the two states,RN

and âM. The dissipative part includes both the inter- and
intramanifold relaxation:
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∂

∂t
F(RN,âM;t) ) -iΩ(RN,âM)F(RN,âM;t) +

( ∂∂t
F(RN,âM;t))diss

+ ( ∂∂t
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The field part accounts for optical transitions and is given by

whereµ(RN,γN(1) denotes the transition dipole moment. The
sum goes over the states of the neighbored manifoldsγN+1 and
γN-1 or γM+1 and γM-1. In the dissipative part, the damping
rates for the so-called coherences are

The intra manifold relaxation (i.e.,M ) N) is given by13

where n(ω) is the Bose-Einstein distribution, theθ(RN,âN)
comprise the multiexciton vibrational coupling constants, and
j(ω) denotes a site-independent spectral density. We have taken
a form for j(ω) which has been experimentally determined for
the LH2 in ref 18. It accounts for the modulation of the
chromophore excitation energies by vibrational modes, but for
simplicity, we neglect the modulation of the dipole-dipole
interaction. The second type of rate constants describes the
intermanifold relaxation, i.e., the EEA process. If related to the
transition between the two- and the one-exciton manifold, it
reads

where|CR2(m,Sn)|2 is the probability that within the two-exciton
state|R2〉 themth chromophore is in the higher excited Sn-state.
Themth chromophore relaxes via internal conversion from the
Sn- to the S1-state with the rate ofkm

(IC). With a probability of
|Câ1(m,S1)|2, the system finds itself afterward in the one-exciton
state|â1〉.

To reduce the computational costs, we want to get rid of the
highly oscillatoric behavior of the elements of the multiexciton
density matrix with different manifold indices. Therefore, we
expand the reduced density matrix in plane waves of the mean
intermanifold transition frequencyωj

and express the electric field asE(t) ) ∑pẼp(t) cos(ωpt), where
the frequencies are in the same range,ωp ≈ ωj . The summation
of the electric field extends over both the excitation and probe
pulses. Neglecting the fast oscillating parts, i.e., using the

rotating wave approximation, and remembering that the dipole
operator couples only between different manifolds, we obtain
an expression in which the regions of the density matrix with
different multiexciton indices were transformed with different
frequencies. We still have only one density matrix and all
frequencies of the order ofωj are eliminated, making numerical
calculation easier.

Numerical Results and Discussion

For the simulation of the spectra of the B850 ring of LH2,
we have taken the dipole moments, coupling parameters, and
energies as given in ref 15. The dipole moment of the S1 f Sn

transition of BChl is estimated to be of similar magnitude as
the S0 f S1 dipole moment;19,20 therefore, we took the mean
dipole-dipole coupling constant of the B850. It should be
pointed out that beside the overall system bath coupling factor,
which has been chosen to fit the long-time transient absorption
signal, the only fitting parameter in our model, is the internal
conversion rate,kIC, of a single BChl.

The transient absorption was calculated by∆A ) (A(ωpu,ωpr)
- A(ωpr))/A(ωpr), whereA(ωpu,ωpr) is the absorption of the probe
pulse at the presence of the pump pulse andA(ωpr) is the
absorption in the absence of the pump pulse. According to the
experiment, we used in the simulations for both the pump and
the probe pulse linearly polarized electric field-pulses of 100
fs duration with a Gaussian envelope and with the magic angle
(54.7°) between the polarization directions. The orientational
average has been considered in the simplest way by multiplying
the transient absorption by a factor of1/3. We have taken a sum
over four different phases between pump and probe pulse to
extract the part of the absorption that is linear in the probe-
pulse intensity.21 The inclusion of static disorder has been left
for further investigations.

To determine the internal conversion rate, we fitted the
measured transient absorption decay at early times and for the
highest excitation intensities. The respective time constant for
internal conversion is 70( 5 fs. With this and the above-
mentioned fixed parameters, the experimental transient absorp-
tion kinetics at different excitation intensities of the experiment
could be simulated very well (Figure 1). In a recent article,16 it
was estimated that for the highest excitation intensities used
here, the average number of excitations per LH2 is 2-3. This
justifies the neglect of higher excited states beyond the two-
exciton manifold, at least for the lower intensities. Nevertheless,

( ∂
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γN
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∑
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k(RN,âN) ) 2πΩ2(RN,âN)[1 +
n(Ω(RN,âN))]θ(RN,âN)[j(Ω(RN,âN)) - j(Ω(âN,RN))] (5)

k(R2,â1) ) ∑
m

|CR2
(m,Sn)|2|Câ1

(m,S1)|2km
(IC) (6)

F(RN,âM;t) ) ∑
n)-∞

∞

einωj t F(n)(RN,âM;t) (7)

Figure 1. Transient absorption kinetics versus delay time for pump
pulse with 100 fs duration and energies of 128, 64, 32, 16, and 8µJ/
cm2 (from top to bottom). Pump pulse wavelength was 850 nm; probe
pulse wavelength was 860 nm. Experimental (dotted) and simulated
(solid) values are shown.
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there is some deviation from the measured data at the two
highest intensities, indicating that excited-state absorption from
the two-exciton to the three-exciton state becomes important.
(Its neglect leads to an overestimation of the signals.)

Figure 2 shows the overall populations,PM(t) ) ∑RM-
|F(RM,RM;t)| (M ) 0, 1, 2) with∑M)0,1,2 PM(t) ) 1 calculated
for the different pump intensities of Figure 1. The population
decay from the two-exciton manifold into the single-exciton
manifold through the EEA process can be clearly identified.
During the pump-pulse action, processes such as ground-state
absorption (0f 1), excited-state absorption (1f 2), and
stimulated emission (2f 1, 1f 0) occur. At the highest pump
intensity, there is a decrease in the one-exciton manifold at the
end of the pump pulse, which is caused by a combination of
ground-state depletion and excited-state absorption.14

Having fixed the parameters, one can visualize some other-
wise unmeasurable internal dynamics of the system. In the
multiexciton spectrogram, we plot the absolute value of each
element of the multiexciton density matrix|F(RN,âN;t)| ordered
by energy as shown in Figure 3 with a logarithmic color scale
(Figure 4). The elements|F(RN,âM;t)| (N ) 0, 1, 2) belonging
to the same manifold represent populations (diagonal part,RN

) âN) and coherences (off-diagonal part) of theN-exciton states
RN andâN. In contrast the elements|F(RN,âM;t)| with N * M
describe coherences between different manifolds caused by the
coupling to the external field. The pictures provide the basis
for a quantitative discussion of the main features of the
dissipative dynamics. The pump pulse excites both populations

and coherences. Looking at the coherences between the ground
and single-exciton state, one can distinguish between the two
strongly allowed transitions (marked as “a” in Figure 4) and
two weaker ones at higher energies (marked as “c” in Figure
4), which are well-known from other studies of the completely
symmetric LH2.15 The two transitions marked as “b” in Figure
4 are mediated by the two-exciton manifold, as could be clarified
by a detailed inspection of the time evolution.14 Between the

Figure 2. Population of the one- and two-exciton manifold for pump
pulse energies as in Figure 1.

Figure 3. Scheme of the multiexciton spectrogram. The elements of
the multiexciton density matrix are ordered by the corresponding
eigenenergies, increasing from left to right and top to bottom. Parts
with different manifold indices,M, N ) 0, 1, 2, are separated as shown.

Figure 4. Multiexciton spectrogram for the highest pump intensity of
Figure 1 at-50 fs, pump pulse maximum, and 100 and 200 fs delay
time (from top to bottom). The absolute value of each density-matrix
element,|F(RN,âM;t)|, is shown by a logarithmic color scale. See also
Figure 3. The coherences labeled a, b, and c are discussed in the text.
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one-exciton and the two-exciton manifold, quite a number of
transitions are allowed. Both the coherences and populations
relax to the low-energy side of the corresponding manifold. After
a while, the coherences die out, and the one-exciton population
thermalizes.

In conclusion, we can state that our multiexciton density
matrix not only allowed for a reproduction of measured data,
and in this way for a determination of the BChl internal
conversion rate, but also gave a detailed insight into the
microscopic dynamics. Here, we concentrated on the energy
representation of the internal multiexciton dynamics offering a
direct access to the optical excitation and the different relaxation
processes. The real-space representation of the multiexciton
dynamics and thus of EEA will be discussed in detail in a
forthcoming paper.
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