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Introduction
Light-harvesting complexes (LHC) and reaction centers (RC) in higher plants
The photosystem II (PSII)

Initial steps of photosynthesis : capture of energy from sunlight

I Excitation of a chro-
mophore from ground
state to electronic excited
state

I Transfer of the excitation
among the chromophores

I Absorption of the excita-
tion in the reaction center
and charge separation

Ultra-fast transfer process
τ ∼ 1 ps accessible to
spectroscopic experiments



Why so fast ?
Analogy with a leaking tube

I The excited state of a chlorophyll
molecule has a very short lifetime ∼
4ns in vivo

I Before the pigments can relax, the ex-
citation must be harvested

I Conversion efficiency & 90% !

Which dynamical mechanisms play a role in producing such
a marvellous efficiency ?



Coherent quantum dynamics
Photosynthetic excitons

Frenkel exciton Hamiltonian : propagation of an excitation in the
complex

Hel =

N∑
n=1

En|n〉〈n|+
∑
n 6=m

Jnm|n〉〈m|

En pigment site-energy
Jnm pigment-pigment coupling
|n〉 pigment basis

Altogether : Schrödinger equation for the exciton wavefunction
|ψn(t)〉 = bn(t)|n〉

The etherogeneous structure of the complex induces static disorder
on En and Jnm =⇒ transport suppression via Anderson localization
mechanism



Noise-assisted transport
Phonon bath model

H = Hel +Hvib +Hel−vib

Hvib =
∑
k

ωkâ
†
kâk

Hel−vib =

N∑
n=1

∑
k

gnk (â†k + âk)|n〉〈n|

Interaction of the exciton with a bath
of harmonic oscillators with frequen-
cies ωk.
The parameters gnk define the cou-
pling strengths

P. Rebentrost et al. New Journal of Physics
(2009)

I Pigment coherences decay
with a dephasing rate γ that
depends on the bath
parameters

I Nonmonotonic transport

efficiency η(γ) =
Einj−Ediss

Einj



General approach : theory of open quantum systems
Evolution of a quantum density matrix

∂ρ(t)

∂t
= − i

~
[Hel, ρ(t)] + Lγp [ρ(t)]

I Lγp describes the interaction with the external environment

I The explicit form of Lγp defines the environment model (e.g.
Lindblad, Förster, Redfield)

I The coupling parameters γp define the interaction strength of
the environment

I γp can be estimated either from experiments or from atomistic
simulations such as QM-MM techniques

Is there a simple way to investigate the structural determinants of
the exciton-phonon interaction ?



A semiclassical approach
Explicit environment : a Fermi-Pasta-Ulam (FPU) chain

Hvib =
N∑
n=1

p2n
2m

+
1

2
(un+1 − un)2 +

β

4
(un+1 − un)4

Holstein model : polaron solutions

T. Holstein, Ann. Phys., 8 35 (1959)

Davydov theory : soliton states

A. Davydov, J. Theor. Biol., 38 (1973)

I The role of nonlinearity in out-of-equilibrium processes
I The role of spatio-temporal correlations in the exciton-lattice coupling



Exciton + Environment dynamics

Ĥ = Ĥel +Hvib + Ĥel−vib |ψe(t)〉 =

N∑
n=1

bn(t)|n〉

Ĥel = ε0

N∑
n=1

b̂†nb̂n + J0

N∑
n=1

(
b̂nb̂
†
n+1 + b̂†nb̂n+1

)
Hvib =

N∑
n=1

p2n
2m

+ V (un+1 − un)

Ĥel−vib =

N∑
n=1

∆ε(u) b̂†nb̂n +

N∑
n=1

∆J(u)
(
b̂nb̂
†
n+1 + b̂†nb̂n+1

)

I Site energy perturbation ∆ε(u) = χE (un+1 − un−1)
I Hopping rates perturbation ∆J(u) = χJ (un+1 − un)



Finite-temperature spreading problem

initial condition : localized exciton wavefunction on a thermalized lattice
in equilibrium at temperature T

Participation ratio
Π(t) = 1∑

n |bn(t)|4
− 1

Π� 1 : localized state
Π ∼ L : extended state



Diffusive regime
Temperature dependence of the diffusion constant D = limt→∞

Π2(t)
t

I Pure diagonal coupling
(χJ = 0) : monotonic
decrease (Zeno effect)

I Off-diagonal coupling
(χJ 6= 0) :nonmonotonic
behaviour

Two sources of slowness due to
the explicit lattice dynamics

I Spatio-temporal
correlations

I Explicit lattice
nonlinearity β

† H. Haken & G. Strobl Zeitschrift für Physik 262 135 (1973)



Vibration-assisted efficiency
A dynamical point of view

I Nonlinearity enhances effi-
ciency at high temperature

I In the presence of nonlo-
cal couplings, a new local
minimum in η may occur

I In this last setup, η(T )
rises up because of the
high-temperature suppres-
sion of Zeno effect



A 3D coarse-grained model of the LHCII trimer

I Light blue beads : protein
I Orange beads : pigments

Finite time efficiency at t = 10 ps as a
function of the protein temperature



A stationary off-equilibrium setup
Stationary transport of heat and excitons

Quantum jump approach

cf. Plenio & Knight Rev. Mod. Phys 1998



Conclusions

I A semiclassical model describing exciton transport in an
explicit environment

I Spatio-temporal correlations of the environment and
nonlinearity play an important role in determining transport
efficiency

I Possibility of extension to 3D coarse-grained structures and to
stationary out-of-equilibrium regimes

S. Iubini, O. Boada, Y. Omar, F. Piazza, Arxiv :1505.03554 (2015)
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