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Abstract

Real-space collective excitation dynamics in molecular aggregates is studied using a model where the electronic
system is described via exciton theory with surface hopping. The nuclear dynamics are included using the Langevin
equation where temperature and zero-point motions are entered via the fluctuation-dissipation theorem. Dynamic
processes like exciton relaxation, localization, polaron formation and diffusion of self-trapped excitons, which com-
monly require different theories, are simultaneously described with our approach. Numerical simulations of small linear
aggregates are performed. Contrary to the common view we show that exciton relaxation can temporarily increase
exciton delocalization. The results are discussed based on the photosynthetic light-harvesting pigment-protein com-

plexes.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The concept of molecular excitons was intro-
duced early in the last century and has been ap-
plied successfully to a large number of different
systems, for example the photosynthetic light-
harvesting antenna complexes [1]. An exciton is a
collective electronic excitation extended over many
molecules due to the excited state transfer inter-
action. The degree of delocalization is balanced by
the static energy disorder and the exciton—phonon
coupling. The latter leads to new quasi-particles,
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excitonic polarons. For simplicity, we will use
polarons here. The polaron states are excitons
dressed with a phonon cloud. Polarons can be
trapped at lattice sites (self-trapping) due to the
displacement of the excited state potential caused
by deformation of the surrounding environment
induced by the exciton—phonon coupling [2]. There
exists extensive literature about polarons in vari-
ous materials with different coupling regimes,
dating back several tens of years [3-7].

A number of different techniques have been
utilized in order to characterize the properties of
the excitons in the B850 antenna aggregate of the
peripheral light-harvesting complex (LH2) from
purple bacteria [8]. It has been proposed that the
initially created exciton may span a considerable
size of the aggregate and relax within a few
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hundreds of femtoseconds to an equilibrium size of
just a few molecular sites [9]. A red spectral feature
recorded with transient absorption spectroscopy
of the B850 aggregate at cryogenic temperatures
has been proposed to originate from polaron for-
mation [10]. Recently, a similar conclusion was
drawn based on low temperature selectively ex-
cited fluorescence of B850 [11].

Previous methods to describe excitation dy-
namics in light-harvesting systems include the
Redfield approach and the Holstein model. In the
weak electron—phonon coupling limit the Redfield
approach [12-14] is applicable. It captures the
exciton relaxation between stationary exciton
states. The Holstein model covers the strong-cou-
pling case and describes phenomena such as po-
laron formation and self-trapping. It has been
applied either using the cumulant expansion [15]
or the long-time limit where the system is ther-
malized [16]. In this Letter, we present a novel
description of exciton relaxation and polaron dy-
namics based on the electronic surface hopping
[17] due to the nonadiabatic coupling between
excitonic potential energy surfaces [18]. This ap-
proach captures exciton dynamics for the whole
parameter range from the limit corresponding to
completely delocalized excitons up to the other
extreme where the polaron is immobilized and
trapped on only one site [19].

2. Theory

According to the Born—-Oppenheimer approxi-
mation we separate the electronic system from the
nuclear motions. The nuclear system will be sep-
arated into explicit and bath modes. The former
are assumed to be coupled to the electronic system
immediately by the adiabatic potential energy
surface. The bath modes will be described as sta-
tistically fluctuating external forces driving the
explicit modes and damping them. Following
Caldeira-Leggett, the bath modes are harmonic
oscillators and the coupling between bath and
explicit modes is bilinear in the coordinates ¢; (see
[20] for details) leading to the Langevin equation
of motion in the Markov limit [21,22] for the ex-
plicit modes. For sake of simplicity, we will restrict

our considerations to aggregates of two-level
molecules leading to the excitonic Hamiltonian
where »©® is the Frank—Condon transition ener-
gies and J;; = JJ, 1, describe the resonance inter-
action between the transition dipole moments of
neighboring molecules. The final set of equations
can be written as

Hyj = (0" — wdq;)d;; + Jy;(1 — 6y), (1)

pi(t) +ypi(t) = (- qi-- ) = fi(t). 2)
We use one explicit mode per site with the same
vibrational frequency (w) (excited as well as
ground state), the displacement of the excited state
potential surface is denoted d and the p; is the
nuclear momenta on site i. The Markovian friction
y and the Gaussian random force f;(¢) are related
by the fluctuation—dissipation relation which in the
long-time limit leads to thermalized coordinate
distribution, where the zero-point motions are in-
cluded [23]. The exciton states are defined by the
eigenvalues (£,) and the eigenvectors (|o)) of the
Hamiltonian (x|H|f) = E,d,s. The transformation
from the real-space (molecular site) representation
to the exciton-space representation can be
achieved using the eigenvectors |o) with compo-
nents for ith molecule o;. The intrinsic forces
F(---gq;---) are given by

E(...qi...):_<%(']i‘1i”')>7 (3)

where the potential energy surfaces are

Uz(...q[‘..):E1—|—qui/2—deqkoci 4)
k k

resulting in the intrinsic forces Fi(---q;---) =
—w(g; — Y, do?). This force corresponds to an
effective harmonic potential which is an average of
the ground state and the excited state potential
energy surfaces with the weight factor o giving the
contribution of the excited state. Therefore, the
force F; will depend not only on ¢; but on all the
other coordinates as well. This leads to the feed-
back which will cause a correlation between vi-
brational modes on different molecular sites that
have a significant amplitude of the currently oc-
cupied polaron state. This self-organized correla-
tion can induce an increase of the delocalization of
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the polaron states. This issue will be addressed in a
separate publication. In order to describe the
nonadiabatic coupling between the eigenstates |o)
due to the explicit modes, we use the surface-
hopping method [17]. In general, any time-depen-
dent one-exciton wavefunction can be expanded in
the adiabatic basis set |o) and propagated for a
short time as

| Wit (2 + At))

_gjcxr)exp[—; A aeli (9

where C,(¢) are time-dependent expansion coeffi-
cients and At is the time propagation step. One has
to note that the eigenstates |«) as well as the ei-
genenergies U,(¢) are time-dependent due to the
time dependency of the ¢;(¢). The nonadiabatic
coupling matrix is then

b =3 (a5 i [oua] @

with w,g(t) = (U,(tr) — Ug(r))/h. In the surface
hopping method, two sets of states are simulta-
neously followed, the reference and auxiliary states
[18]. The latter are propagated coherently using
the Schrodinger equation. The surface hopping
probabilities are calculated from the changes of
the auxiliary state populations. The reference
states are propagated via the surface hopping
method. The probability for hopping from state
|o) to |f) can be determined as

t
Plu= ) = [ U0 = k() &1 (7)
b))
using the notation: p,,(r) = Cl(1)Cy(t) and where
to is the time of the latest hop. At each time-instant
only one reference state is populated.
The surface-hopping algorithm is implemented
via the following steps:
(1) The system is initialized, as the electronic
Hamiltonian at time zero is generated using a
randomly distributed set of coordinates and
momenta, {qgo,po}, corresponding to the given
system temperature. Note that at time zero the
reference states and the auxiliary states are the
same, which is not generally true for the follow-
ing time steps.

(i1) The explicit mode oscillators are propagated

a time step using the Langevin equation (2), the

new electronic Hamiltonian is generated. The

populations on the auxiliary states are propa-

gated according to Egs. (5) and (6).

(ii1) Based on the auxiliary states the hopping

probability for the reference configuration is

calculated using Eq. (7). The uphill probabilities
are weighted by the corresponding Boltzmann
factors. The surface hopping method is executed
in a Monte Carlo fashion using uniformly dis-
tributed random numbers. Continues with step

(ii).

After a certain number of steps the relevant
characteristics of the systems dynamics are re-
corded and the whole procedure is repeated. Dif-
ferent runs naturally leads to different trajectories.
The observables are averaged over a sufficiently
large set of trajectories. Bittner and Rossky [24]
have studied the fundamental implications this
approach in mixed quantum-classical calculations
in the context of decoherence based upon the
consistent histories interpretation of quantum
mechanics.

3. Results and discussion

In Fig. 1, the exciton energies are displayed as a
function of time for a linear aggregate consisting
of N =6 two-level molecules, specific model pa-
rameters are given in the figure caption. The dy-
namics of the exciton energies are displayed for the
case where the population initially (z =0) was
placed on the highest exciton state. The exciton
relaxation causes the population to descend to the
lowest state within 100 fs. After that polaron for-
mation can be seen, i.e. the broadening of the ex-
citon band gap when the energy of the occupied
site is decreased. The thick solid line overlayed on
the exciton energies is the representation of the
current populated state. In Fig. 2, the averaged
exciton level dynamics is displayed for the same
system as in Fig. 1, together with the averaged
state occupation number (the solid black line).
Two different processes readily can be identified,
the exciton relaxation and the polaron formation.
The exciton relaxation occurs for <200 fs and
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Fig. 1. The excitonic (adiabatic) level dynamics for a system
with N = 6 identical molecules with the populated reference
state overlayed (the thick solid line). The transition energies
(w®®) were set to 12400 cm™' and the nearest neighbor inter-
action J =342 cm~'. The other parameters were o = 2J,
o/y = 1.4, the Huang-Rhys factor S = (1/2)d” was set to 2 and
T~0K

13500

\
13000
12500 4,

12000 -f

11500 - ™.

2181S U01IoXT

N,
11000 4

10500 4

Exciton State Energy (cm ™)

10000 4

e S P N P e e
9500 T T T T
0,0 0,2 0,4 0,6 0,8 1,0

Time (ps)

Fig. 2. The averaged exciton energies calculated for the same
parameters as in Fig. 1. The solid black line displays the exciton
relaxation as the averaged populated state number (right axis).

from that up to about 300 fs the polaron is formed.
With the parameters the polaron is formed very
rapidly. If the mode that is responsible for the
polaron formation has lower frequency, one would
expect slower process here. For example, in B850
polaron formation occurs in significantly slower
timescale compared to the exciton relaxation [10].

In order to characterize the polaron formation
and dynamics, we use the participation ratio as a
measure for the polaron localization, Li;} =
3., P, where P, is the normalized state popu-
lation. Since the polaron deforms the surrounding
lattice, its mobility, compared to an exciton, is
lower. This decrease of mobility occurs due to the
strong exciton—phonon coupling. Following Mak
and Egger [25], the polaron position operator can
be defined as O(r) = >, p;(¢) * i. Using the posi-
tion operator we introduce the polaron velocity as
I(t) = |00(¢)/0t|. The inverse participation ratio
together with the polaron velocity capture the
characteristics of the polaron formation and dy-
namics. The exciton can be localized on a part of
the aggregate without the formation of a polaron,
but if the exciton is both localized and the velocity
is significantly reduced we conclude that polaron
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Fig. 3. The inverse participation ratio (top) and he polaron
velocity (bottom) is displayed for four different displacement
coordinates as a function of time. The curves correspond to the
Huang-Rhys factors (solid, S = 0.125), (dash, § =0.5), (dot,
S = 1.125) and (dash-dot, S = 2). The rest of the parameters are
the same as in Fig. 1.
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formation has occurred. In Fig. 3 the inverse
participation ratio (Liy) in the top panel and the
polaron velocity (/(¢)) in the bottom panel are
displayed for four different Huang-Rhys factors.
Here the system size is increased to 14 two-level
molecules. The initial values reflect the initial
thermal distribution of the explicit modes, corre-
sponding to an effective static disorder. It is im-
portant to notice the initial rise of the inverse
participation ratio (Liy(¢)). This increase during
the exciton relaxation process is an effect of the
different inverse participation ratios of the exciton
states [26] due to the disorder. Besides, the vibra-
tional coupling may change the localization of the
exciton wavefunction [27]. Both effects are most
prominent in the exciton band edges. So that
during the relaxation process the averaged total
inverse participation ratio is highest when the
states in the center of the exciton band are popu-
lated. The exciton relaxation, as seen in Figs. 1 and
2, can be seen in Fig. 3 as the initial rise of both the
inverse participation ratio (Li,;) and the polaron
velocity (I(¢)). The trace in Fig. 3 with the same
parameters as for Figs. 1 and 2 reproduces the
same timescale even for these measures. Further, it
can be seen from Fig. 3 that the processes are
slower for a decreased exciton-vibrational cou-
pling (smaller S). After the exciton relaxation,
both the inverse participation ratio and the pola-
ron velocity decay towards their respective equi-
librium values, depending on the ratio between the
Stokes shift (28w, where w is the mode frequency)
and the intermolecular resonance interaction (J).
Beenken et al. [27] have thoroughly studied the
localization properties and polaron formation for
an extensive set of the above ratio in excitonic
dimers.

The increase of the initial velocity /(¢) with in-
creasing exciton—phonon coupling is an effect of
the decrease of delocalization length of the pola-
ron. The stronger coupling leads to the smaller
polaron and during the initial period the center of
gravity of the polaron has to move over the ag-
gregate in order to relax from state to state.

The polaron formation is shown as polaron
state energy evolution in Figs. 1 and 2 and as a
change of the polaron velocity in Fig. 3. In order
to study the details of polaron migration, we pre-

Fractional Population

Fig. 4. Time-dependence of the excitation probability in site
representation. The polaron is initially placed on site 7. Due to a
random walk type migration the initial population decays with a
time constant of 0.5 ps. § = 2, all other parameters as in Fig. 3.

pared an initial state corresponding to a self-
trapped polaron on a specific site of the molecular
aggregate. Fig. 4 displays the polaron migration
away from the initially populated site eventually
leading to an uniform distribution over the entire
aggregate. This shows that the polaron motion
within the molecular aggregate has a random walk
character where the properties depend on the in-
termolecular interaction in conjunction with the
vibrational frequencies and the exciton—vibra-
tional coupling.

In summary, we have presented a novel method
for calculating exciton dynamics in molecular ag-
gregates. Such phenomena as polaron formation
and self-trapping can readily be accounted for.
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