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The role of non-equilibrium vibrational structures
in electronic coherence and recoherence in
pigment–protein complexes
A. W. Chin1,2, J. Prior3, R. Rosenbach1, F. Caycedo-Soler1, S. F. Huelga1 and M. B. Plenio1*

Recent observations of oscillatory features in the optical response of photosynthetic complexes have revealed evidence for
surprisingly long-lasting electronic coherences which can coexist with energy transport. These observations have ignited
multidisciplinary interest in the role of quantum effects in biological systems, including the fundamental question of how
electronic coherence can survive in biological surroundings. Here we show that the non-trivial spectral structures of protein
fluctuations can generate non-equilibrium processes that lead to the spontaneous creation and sustenance of electronic
coherence, even at physiological temperatures. Developing new advanced simulation tools to treat these effects, we provide a
firm microscopic basis to successfully reproduce the experimentally observed coherence times in the Fenna–Matthews–Olson
complex, and illustrate how detailed quantum modelling and simulation can shed further light on a wide range of other
non-equilibrium processes which may be important in different photosynthetic systems.

Photosynthesis is a fundamental biological process which
provides the primary source of energy for almost all terrestrial
life1. In its early stages, ambient photons are absorbed by

optically active molecules (pigments) in an antenna complex,
leading to the formation of molecular excited states (excitons).
These then migrate by excitation energy transfer (EET) through
pigment–protein complexes (PPCs) to a reaction centre where
the exciton’s energy is used to release an electron— Fig. 1.
Remarkably, these processes often have a quantum efficiency of
almost 100% (refs 1,2), and uncovering the underlying biological
design principles could inspire important new developments in
artificial light-harvesting technologies3. The potential novelty of
a biomimetic approach to light-harvesting is underlined by the
unexpected observation of robust, long-lasting oscillatory features
in two-dimensional spectra of PPCs extracted from bacteria, algae
and higher plants. Using ultrafast nonlinear spectroscopy, sustained
beating between optically excited states lasting several hundreds
of femtoseconds at room temperature, and up to nearly 2 ps in
the Fenna–Matthews–Olson (FMO) complex at 77 K, have been
observed4–8. These experiments have been interpreted as evidence
for electronic coherences between excitons, with lifetimes which
are, surprisingly, over an order ofmagnitude larger than coherences
between electronic ground and excited states7. Such coherence
times are long enough for EET and excitonic coherence to coexist,
conditions under which a sophisticated interplay of quantum and
dissipative processes theoretically optimizes transport efficiency9–12.

Although many proposals for how quantum effects might
enhance biological light-harvesting have been advanced over the
past five years, most of these have used simple, phenomenological
methods to include decoherence9–13. In this article we tackle
the more fundamental problem of elucidating the microscopic
mechanisms through which the wide range of electronic coherence
times observed in PPCs actually arise. By including the full
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temperature dependence into the numerically exact Time Evolving
Density with Orthogonal Polynomial Algorithm (TEDOPA) of
refs 14–16, we show that the presence of resonant structure in the
spectral function of PPC chromophores leads to non-equilibrium
quantum dynamics in which picosecond electronic coherence can
be driven and supported by quasicoherent interactions between
excitons and spectrally sharp vibrational environment modes17–20.
Moreover, both the decay of ground–excited state coherences and
the excitation energy transport exhibit the correct timescales, thus
explaining three crucial observations within the same model. We
complement our numerics with an approximate semi-classical
model that illustrates the essential physical mechanisms by which
discrete modes, driven far from equilibrium by exciton injection,
may spontaneously generate and sustain oscillatory EET and
electronic coherence against aggressive background decoherence,
and that also helps to isolate the roles of other processes, such
as non-Markovian pure dephasing21,22. Under these conditions,
energy transport proceeds in a non-equilibrium fashion, transiently
violating the detailed balance conditions which are often invoked
to set fundamental limits on light-harvesting efficiency23. The
requirements for observing this striking behaviour in ensemble
experiments are discussed in Supplementary Section SC.

The physics of vibration-induced coherence
The electronic Hamiltonian of a PPC consists of a network of
chromophoric sites, denoted |i〉, each supporting a single optical
excitation of energy εi, which can transfer coherently onto another
site j with a (dipolar) interaction amplitude Jij . Each excitation is
also linearly coupled to its local environmental fluctuations, which
are modelled as independent continua of harmonic vibrational
modes9,10, as detailed in Supplementary Section SA1. Denoting
the exciton eigenstate of energy En as |en〉 =

∑
iC

n
i |i〉 and ωk as

the vibrational modes of the protein, the full Hamiltonian of the
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Figure 1 | The generic organization of the early stages of light-harvesting
in natural photosynthesis. Excitons created in the antenna complexes
migrate via dipolar coupling between chromophores in different
pigment–protein complexes and are finally transferred to a reaction centre
where charge separation occurs. Under the low-light conditions where
light-harvesting is most efficient, most of the intermediate pigment–protein
complexes transport only single excitons at a time and each complex
functions independently. Chromophores are modelled as having a ground
state |g〉 and an optically excited state |i〉. Couplings between
chromophores leads to the formation of delocalized excitonic eigenstates
|ei〉, with transitions between these states mediated by environmental
fluctuations.

exciton–protein system can be be written as H = Hex+HI+HB,
whereHex=

∑
nEn|en〉〈en|,HB=

∑
ikωka

†
ikaik and

HI=
1
2

∑
n,m

(Qnm|en〉〈em|+h.c.) (1)

Qnm=
∑
ik

√
SikωkC i

nC
i
m(aik+a

†
ik) (2)

Operators aik,a
†
ik denote bosonic destruction and creation operators

for the kth independent vibrational mode coupled to site i. The
exciton-mode interactions are set by their Huang-Rhys factors
Sik (ref. 18). Finally, we assume, for simplicity only, identical,
independent vibrational environments on each site characterized
by a spectral density J (ω)=

∑
k Sikω

2
kδ(ω−ωk). The key findings

presented here arise from our consideration of structured spectral
functions which contain two contributions; a smooth background
describing fluctuations, probably due to the protein environment,
and also couplings to discrete vibrational modes, which may be of
intramolecular origin.

From equations (1) and (2), we see that the exciton–
environment interaction contains transverse (non-adiabatic)
terms which couple different excitonic states through the bath
displacement operators. Neglecting non-Markovian effects, the
strongly-damped response of the background environment drives
incoherent exciton relaxation through these terms18. However,
coupling to sharp (underdamped), quasi-resonant discrete modes
allows the possibility of coherent and reversible inter-exciton

transitions through the long-lasting mechanical (coherent) motion
of the mode displacements. From equations (1) and (2), the initial
(fast) injection of an exciton, either coherently or incoherently,
creates a sudden force on the discrete modes that initiates transient
oscillations at approximately their natural frequency ωk . To first
order, these transients can be treated as coherent oscillations
and their back action on the excitons then acts essentially like a
time-dependent field that drives coherent, Rabi-like transitions
between dissipative exciton states via theHamiltonian terms

Hdriving≈
1
2

∑
n6=m

(〈Qnm〉(t )|en〉〈em|+h.c.)

where 〈Qnm〉(t )∝
∑

ik

√
SkωkC i

nC
i
msin(ωk t ). Heuristically, this non-

equilibrium, laser-like driving essentially generates new electronic
coherences in the system to replace those that are continuously
damped out by the fluctuations of the smooth background
environment. The actual (coupled) motion of the excitons and
modes ismore complex, andmay also interact with non-Markovian
dynamics of the background, but the physical picture presented
here illustrates a key point: electronic coherence may emerge
from transiently exciting robust, weakly dephasing vibrational
coherences which are then used to later transfer coherence back to
the excitons, a novel type of coherence generation and storage (see
refs 24–29 for related observations that non-equilibrium systems
may generate ormaintain quantum entanglement).

We should stress that this (re)generating of electronic coher-
ence is a very different concept from protection of coherences by
spatial correlations, non-Markovianity, or intrinsically weak envi-
ronmental dephasing12,21,22,30. Crucially, mode-driven coherences
will be prominent whenever vibrational modes have frequencies
comparable to exciton energy differences of strongly coupled chro-
mophores and have dephasing times on picosecond timescales.
Many examples of such modes have been observed experimentally
in PPCs, such as the FMO complex17–20, but their importance
as elements in designing efficient transport structures—such as
the recently proposed ‘phonon antenna’31—and for interpreting
experimental observations in multidimensional spectroscopy has
only just begun to be appreciated14,32,33. This mechanism, based
on resonant driving of inter-exciton transitions, will not regen-
erate or sustain ground to excited state coherence, as the envi-
ronment does not couple these states. This framework provides
a natural understanding of the distinct coherence timescales in
the problem which may also be of relevance for photosynthetic
charge transfer dynamics34.

Semiclassical models
To illustrate the physical mechanism of coherence regeneration
through coherent (deterministic) motion of discrete modes in
excitonic dynamics, we now present semiclassical simulations
obtained by treating the coordinates and momenta of the discrete
vibrations classically. Full details of how the quantum problem is
reduced to a semiclassical description are given in Supplementary
Section SB. In the following simulations, interactions with a
classical mode of frequency 180 cm−1 and Sk = 0.22 were included
and the spectral function of Adolphs and Renger (AR) used
for the background bath35—see Supplementary Section SA3.
The mode parameters and dephasing rate (1 ps−1) are taken
from hole-burning or estimated from fluorescence line-narrowing
experiments, as is the background spectral function17,18,35. The
background bath and modes are initially in thermal equilibrium
at temperature T , the background reorganization energy is
λ = 35 cm−1 and the seven-chromophore FMO Hamiltonian of
Chlorobium tepidum was taken from ref. 35. We denote the matrix
elements 〈en|ρ(t )|em〉=ρenem(t ).
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Figure 2a shows results at T = 77K. Motivated by current

experimental data5, which focuses on the two lowest exciton states,
we present in Fig. 2b the coherences Re(ρe1e2(t )) between exciton
states |e1〉 and |e2〉 with a symmetric superposition of these as the
initial state to resemble the laboratory condition after excitation
with multiple laser pulses. In the presence of the 180 cm−1 modes,
which are nearly resonant with E1−E2= 150 cm−1, after a transient
behaviour in the first 250 fs the coherence exhibits prominent
oscillations with an effective coherence time of ≈950 fs. This is
consistent with the coherence times of beating signals seen in
FMO experiments5. In contrast, for the same background spectral
density, but neglecting the 180 cm−1 mode, oscillations decay with a
coherence time of just 280 fs whenmeasured after a transient period
of 250 fs. A multi-frequency beating pattern in the oscillations is
apparent in the presence of resonant modes until about 850 fs.
This is caused by the beating and dynamical coupling between
the electronic coherence initially prepared by the laser excitation
and the coherence induced later by the discrete mode motion. The
vanishing of this pattern at the same rate as the exciton coherence
in the background-only simulation provides direct evidence that
initial coherences are not protected but replaced by mode interac-
tions at later times. Both results also show a fast, time-dependent
pure dephasing component at early times due to the background
environment, described in detail in Supplementary Section SB.

Figure 2b also shows the absolute value of the coherence between
|e1,2〉 and the optical ground state |g 〉, starting from a symmetric
superposition of |e1,2〉 and |g 〉which closely resembles the evolution
probed through accumulated photon echo experiments36 and
recently developed single molecule femtosecond pulse shaping
techniques37. An additional, faster component to the coherence
decay is seen for both coherences at early times when the 180 cm−1
mode is included, but the dynamics are qualitatively similar to the
background-only case. The residual, slowly decaying component of
ρe1g is due to the relatively long (≈2.4 ps) lifetime of the lowest
energy state at T = 77K and the absence of pure dephasing in
the long-time limit in the AR spectral function in the Markov
approximation—see Supplementary Section SB1.

Figure 2c,d shows corresponding results at T = 277K. Coherent
oscillations lasting up to at least 600 fs have been observed in FMO
(refs 5) at this near-ambient temperature. Here we find that the
mode interactions lengthen the effective coherence time relative
to the background-only simulations even more dramatically, with
mode-induced coherence lasting up to 800 fs, compared with just
200 fs in the absence of themode. Theρe1,2g coherences all decaywith
similar, monoexponential time constants in the range 80–100 fs,
which are dominated by the short (and almost equal) lifetimes and
the transient pure dephasing rates of the exciton state populations
at T =277K—see Supplementary Section SB1.

Numerically exact simulations
The essentially Markovian treatment presented so far to illustrate
the principal physical mechanism responsible for long-lived
electronic coherences represents an approximation whose validity
must be assessed. Therefore we now present numerically exact
results which include all possible effects of discrete mode motion,
non-adiabatic coupling and fluctuations, as well as the non-
Markovian background. For clarity the new physics are presented
for a dimer PPC, an important component of a range of natural
PPCs5,8,38. We again consider the same background spectral
density J (ω) and 180 cm−1 discrete mode of AR (ref. 35).
A 37 cm−1 mode (with Sk = 0.1) which has recently been
used to describe features of two-dimensional FMO spectra is
also included32, with parameters taken from fluorescence line-
narrowing experiments18. The electronic parameters used in the
simulations are J12= 53.5 cm−1, ε1−ε2= 130 cm−1. This gives two
exciton eigenstates with an energy difference of 170 cm−1, which is
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Figure 2 | Electronic coherence from the semiclassical model. a,b, Results
at T= 77 K. a, Inter-exciton coherence Re(ρe1e2 (t)) for an initial exciton
state 2ρ(0)= |e1〉〈e1|+|e2〉〈e2|+|e1〉〈e2|+|e2〉〈e1|. b, Ground-excited
coherences Abs(ρe1g(t)) (in red) and Abs(ρe2g(t)) (in black) for an initial
exciton state 2ρ(0)= |ei〉〈ei|+|g〉〈g|+|ei〉〈g|+|g〉〈ei| (i= 1,2),
respectively. Note that the optical high-frequency oscillations of the ρeig(t)
coherences have been suppressed by taking the absolute value. Exciton
population dynamics following the injection of an excitation on site 1 of the
FMO complex were also computed at this temperature, showing that
excitons relax to the lowest energy states localized around sites 3 and 4
after≈3 ps (not shown). This is in line with the experimental transport
times of several picoseconds35. c,d, Semiclassical results at T= 277 K. The
same quantities and initial conditions as a,b are plotted and used in c,d,
respectively. The results at T= 277 K in c,d are plotted on the interval
[0.2,0.8] ps to highlight the long lived coherences in the presence of the
resonant 180 cm−1 mode on a timescale relevant for experiments at this
temperature. In all the plots, results including and excluding the resonant
180 cm−1 mode are shown as solid and dashed lines, respectively.

based on sites 3 and 4 of the FMO Hamiltonian35, and which are
fairly typical values for exciton pairs in PPCs4–6,35. The evolution
of the global system-environment density matrix is then computed
using a new finite-temperature extension of the numerically exact
TEDOPA method14–16—see Supplementary Section SA4. In all
simulations the initial state is a product of an exciton state and
a thermal state of the environment (which includes the discrete
modes). To show that the main effects arise from the presence
of the resonant 180 cm−1 mode, simulations are carried out both
with and without this mode, whilst the non-resonant 37 cm−1
mode is always retained.

Inter-exciton and ground–exciton coherences
Figure 3a shows the evolution of the electronic coherence ρe1e2(t )
starting from an initially prepared (pure) symmetric superposition
of the exciton states |e1〉 and |e2〉 at T = 77K. With coupling
to the 180 cm−1 mode, the multi-frequency beating and revival
dynamics in the oscillating coherence are again seen, indicating
mode-driven coherence. This leads to coherence oscillations with
a fast initial dephasing time (200 fs) and a residual, longer-lasting
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Figure 3 | Numerical exact results of electronic coherence for cryogenic
and physiological temperatures. a,b, TEDOPA results at T= 77 K.
a, Inter-exciton coherence Re(ρe1e2 (t)) for an initial exciton state
2ρ(0)= |e1〉〈e1|+|e2〉〈e2|+|e1〉〈e2|+|e2〉〈e1|. b, Ground-excited
coherences Abs(ρe1g(t)) (in red) and Abs(ρe2g(t)) (in black) for an initial
exciton state 2ρ(0)= |ei〉〈ei|+|g〉〈g|+|ei〉〈g|+|g〉〈ei|(i= 1,2), respectively.
Note that the optical high-frequency oscillations of the ρeig(t) coherences
have been suppressed by taking the absolute value. Weak revivals of
Abs(ρe2g(t)) (on top of faster amplitude modulations) in the interval [0.3,
0.6] ps arise from coherent population transfer (against the energy
gradient) and match similar features seen in Fig. 4a. c,d, TEDOPA results at
T= 277 K. The same quantities and initial conditions as a,b are plotted and
used in c,d, respectively. The results at T= 277 K in c,d are plotted on the
interval [0.2, 0.8] ps to highlight the long lived coherences in the presence
of the resonant 180 cm−1 mode on a timescale relevant for experiments at
this temperature. In all the plots, results including and excluding the
resonant 180 cm−1 mode are shown as solid and dashed lines, respectively.

component arising frommode driving. Similar revival patterns have
been observed in time-resolved spectra of FMO7,32. At T = 277K ,
shown in Fig. 3c, the resonant mode also greatly enhances coherent
oscillations relative to the background-only coherences over the
first 800 fs, which is, again, consistent with experimental results5.
The non-resonantmode at 37 cm−1 plays no significant role in these
inter-exciton dynamics, as expected.

Figure 3b shows the absolute value of the ground–excited state
coherences ρeng (t ) at T = 77K for initial symmetric superpositions
of states |en〉 and |g 〉. The thermal and quantum fluctuations of both
the 180 cm−1 and 37 cm−1 modes induce amplitude modulations
of these coherences at the mode frequencies32, leading to an
effectively faster and oscillatory initial decay, followed by slow
oscillations on top of the decaying amplitudes. The short effective
time constants for all curves lie in the range 150–200 fs, which are
consistent with experimental results7, and faster than those found in
the semiclassical approach. The coherence ρe2g (t ) decays through
population relaxation from |e2〉 to |e1〉; however, on top of the
periodic modulation caused by modes, additional weak recurrence
features result from oscillatory population transfer induced by
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Figure 4 | Spontaneous generation of excitonic coherence. a, Population
dynamics, showing ρe2e2 (t) for the electronic and mode parameters given
in the text. The initial state was ρ(0)= |e2〉〈e2| and the environment was at
T= 77 K. Weak, oscillatory revival of population in the |e2〉 state between
0.3 and 0.6 ps matches the revival dynamics of ρe2g in Fig. 3b, indicating
coherent population (and coherence) transfer. b, Spontaneous electronic
coherences Re(ρe1e2 (t)) for same parameters and initial conditions.
c, Average displacement 〈X1〉(t) for same parameters and initial conditions.
d–f. The same as for a–c, respectively, but with the environment initially at
T= 277 K. In all the plots, results including and excluding the resonant
180 cm−1 mode are shown as solid and dashed lines, respectively.

the 180 cm−1 mode— Fig. 4. The coherence ρe1g (t ) shows a fast,
incomplete and non-Markovian decay (≈150 fs) initially, followed
by an extremely slow decay due to the long-time absence of
pure dephasing in the AR (super-ohmic) spectral density and
the long (≈2.4 ps) lifetime of the lowest energy excited state
|e1〉 at T = 77K. Long |e1〉〈g | coherence times (10–100 ps) have
been seen in previous FMO photon echo measurements at low
temperatures (T < 50K; ref. 36). At T = 277K (Fig. 3d), both
ground to excited state coherences decay rapidly owing to the
fast population relaxation to thermal equilibrium and enhanced
pure dephasing. Again, the additional oscillatory decay in the
presence of the resonant modes in the TEDOPA simulations leads
to significantly faster reduction of coherence (with time constant
of 50 fs) compared to the semiclassical approach which neglects the
quantum fluctuations of the environment.
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Population oscillations and environmental variables
For T = 77K, Fig. 4a shows the population remaining in |e2〉 for
the initial state ρ(0)= |e2〉〈e2|, which does not contain any initial
inter-exciton coherence and may be created by incoherent excita-
tion alone. The presence of the 180 cm−1 mode induces population
oscillations in the population decay, which explain the similar
oscillations seen in ρe1g (t ) in Fig. 3b, and is also direct evidence
of weak coherence transfer (not shown). Population oscillations
have also recently been observed in FMO39, and imply a partially
reversible energy exchangewith the environment that transiently vi-
olates detailed balance. Figure 4b shows the spontaneous generation
of oscillatory coherences over these population dynamics. Non-
Markovian effects (finite reorganization time) and the 37 cm−1
mode are also seen to generate short-lived spontaneous coherences;
however, these are transient and only the 180 cm−1 mode drives
strong long-lasting coherence oscillations. No spontaneous coher-
ence arises in the standard Bloch–Redfield description, showing
the essential need to go beyond such theories—see Supplementary
Section SB1. In Fig. 4c, we make use of the complete environ-
ment information provided by TEDOPA to show the expectation
value of the collective environment coordinate X1. Fig. 4c shows
that the exciton-mode interaction leads to long-lasting coherent
environmental oscillations which drive exciton transitions, con-
firming the semiclassical picture and coherence-generating mech-
anism previously outlined. In the absence of resonant modes,
these strong oscillatory features vanish in the collective mode and
exciton populations. Figure 4d–f shows that, remarkably, the same
non-equilibrium and spontaneously coherent dynamics are also
present (though less strong) at T =277K.

We finally observe that the spontaneous coherence in Fig. 4b
tends to a (small), non-oscillating, non-zero value at long times at
T = 77K, indicating that the exciton-mode steady states generated
by the dynamics are quantum superpositions of excitonic and
vibrational degrees of freedom. Indeed, the prolonged coherent
dynamics leading to these steady states could also be looked at in
terms of the dynamical hybridization (formation of superposition
states) which quantum mechanically mixes exciton and (weakly
damped) discrete vibrational states. At T = 277K these transient
states lead to longer-lasting oscillatory coherence, but the strong
dephasing of the background fluctuations prevents these states
from being stable in equilibrium. Other examples of how mode
interactions may alter the relaxed electronic states are given in
Supplementary Section SD, which sets out how discrete modes may
provide an insight into anomalous oscillations recently observed in
conjugated polymers40,41.

Our results show that PPCs—as exemplified by FMO—provide
a situation outside of the standard open quantum system paradigm
where non-equilibrium processes can compete with the purely
dissipative action of the thermal background. The real-time
correlations in the exciton–environment state that emerge in this
scenario have not yet been explored in great detail, and methods
such as TEDOPA could be used to look at this new problem in
other PPC structures where such conditions could be important and
might also drive new, potentially efficient, dynamical phenomena.
The experimental verification of the dynamics discussed in this
work would provide further ground for the consolidation of
quantum biology as a new, truly multidisciplinary research field
with significant implications for the fundamental physics at the
border of the quantum and classical domains.
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