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Revisiting the working principle of Fenna-Matthews-Olson
photosynthetic complex

A.-M. Daré[f] C. Demarez, J. Missirian, and F. Michelini
Aix Marseille Univ, Université de Toulon, CNRS, IM2NP, Marseille, France
Faculté des Sciences de St Jérome, Case 142, 13397 Marseille Cedexr 20, France
(Dated: April 2, 2025)

Using a formalism adapted to study transport in quantum open systems, that is the non-
equilibrium Greens function (NEGF) formalism, we revisit the working principle of the most popu-
lar photosynthetic complex, namely the Fenna Matthews-Olson complex (FMO). We underline the
driving force behind the exciton flow, that reveals itself in an affine relationship between inflow
and outflow currents and exciton populations in the chlorosome and reaction center. We also show
that in a realistic parameter regime, two mechanisms, one of which has not yet been proposed, may
be at work to protect the reaction center from overheating. The safekeeping mechanism already
proposed is closely linked to the exciton-vibration coupling, while the new one could be triggered

by the exciton population on the reaction center.

I. INTRODUCTION

The Fenna-Matthews-Olson complex (FMO) [1I2] is a
sunlight harvesting system that can be found in green
sulfur bacteria living in low illumination conditions. It is
among the smallest and simplest pigment-protein com-
plexes for light-harvesting appearing in nature, and as
such, has been the subject of many experimental studies,
as well as theoretical ones. The FMO transfers excita-
tions from a light-harvesting antenna (called chlorosome)
to a photochemical reaction center, where chemical reac-
tions take place, thus converting sunlight into chemical
energy. This natural nanodevice involves a trimer struc-
ture of seven bacteriochlorophylls (BChl) each, to which
an eighth recently discovered peripheral BChl has been
added. These three additional BChls in total are as-
sumed to play a bridging role between chlorosome and
FMO per se [3], or perhaps a more subtle and counterin-
tuitive inter-monomer task [4]. A protein scaffold holds
the complex monomer setting.

The possibility of quantum behavior when operat-
ing under natural conditions has aroused the interest of
chemistry and physics communities, as well as the biol-
ogy one, following works of Engel’s group that have re-
vealed long-time coherence succeeding short laser pulse
excitations [5l6]. These long-lived coherences have been
challenged and questioned [78], and they probably have
more a vibrational than an excitonic origin [9]. All these
studies, with their controversies, have nevertheless signif-
icantly enhanced our understanding of widespread light
harvesting devices in general, and have brought out a
subtle picture of complexity: an interplay of classical
and quantum properties [I0HI3] is probably at the helm.
There are still open questions about the pigment-protein
complex, for example concerning the role of the eighth
BChl, or concerning the sites connected to the reservoirs,
see for instance Refs. [T4UT5].

In the present paper we adopt a slightly off-center
viewpoint, seeing the photosynthetic complex as a de-
vice for quantum transport. Making a parallel between

biological and condensed-matter devices, is not new, see
for instance Refs. [I6H19], and our aim is not so much to
gain a better understanding of how these efficient natu-
ral devices work, as to draw inspiration for the design of
artificial devices.

In these light-harvesting systems, energy carriers are
the so-called Frenkel or local excitons. These carriers
have recently attracted a great deal of interest in con-
densed mater systems, in particular in two-dimensional
heterostructures [20]. The properties of the FMO com-
plex are usually addressed in the Lindblad form of the
Master equation [RIT0I21], that can study dynamics as
well as steady-state properties. This formalism is con-
strained by the assumption of weak-coupling between the
complex and its surroundings. Beyond this perturba-
tive hypothesis, the hierarchical equation of motion ap-
proach (HEOM) is a powerful yet numerically demanding
method [22H24]. The formalism we adopt, namely non-
equilibrium Green’s function (NEGF) formalism, has sev-
eral special features and attributes, and does not suffer
of the weak-coupling limitation. It can handle bosons
as well as fermions, performing calculations in the entire
respective Fock spaces. It is designed to study quantum
transport properties in open quantum systems, and can
address also the stationary regime as well as the time-
dependent one. We restrict the present study to the
former case. It treats exactly - from the FMO side -
the coupling between the FMO with its seven BChls and
the input and output reservoirs, that is, the chlorosome
and the reaction center, as well as the coupling between
the BChls and the photon bath responsible for radia-
tive decay. NEGF can in principle deal with frequency
dependent exciton-vibration interaction, although this is
more computationally demanding. In the present paper
we make high temperature and vibrational low-frequency
assumptions - that lightens this aspect of the calculations
- to implement the exciton-vibration interaction.

The use of NEGF in the present context is, to the
best of our knowledge, limited to one study conducted
by Pelzer et al. and published ten years ago [25]. This



not so well-known paper has shown that interaction with
vibrations, even in an elastic manner can greatly enhance
the energy transfer through the FMO by excitons, in
line with environment assisted quantum transport mech-
anism (EnAQT) [I0I2T26]. It also provided visual maps
of the different transport pathways, which depend on the
exciton-vibration coupling strength, likely to cause back-
flows.

In the present paper we extend this pioneering work by
investigating the influence of the reservoir fillings which
entail the possibility of exciton return from the reaction
center. We highlight an affine relation between incom-
ing and outgoing currents and exciton populations inside
the respective reservoirs. To deepen this finding, and
understand the properties of the coefficients of this affine
relation, we take the liberty to redesign the FMO archi-
tecture, revealing the significant influence of the FMO
spectrum. Finally we sketch two mechanisms, the first
one not yet mentioned, that may limit the exciton flux,
thus protecting the reaction center:

- by reversal of exciton output flow above a threshold
exciton number on the reaction center followed by dissi-
pation of the excess energy,

- by limitation, or even reversal, of exciton output flow
through conformal reorganization.

The paper is organized as follows: after a detailed pre-
sentation of the model in section II, we expose the results
of our calculations in section III, before concluding in
section IV and supplementing the paper with appendices
that provide detailed relations of NEGF formalism for
bosons, as well as discussion about the exciton-vibration
interaction.

II. MODEL
A. Hamiltonian

Along Pelzer’s lines [25], we adopt the following Hamil-
tonian to describe the FMO complex and its surround-
ings:

H = HFMO+HT€C+Hpt+HpTL+H€7pn+HT+HC+HT ’

(1)
with Hppro the part that characterizes the FMO com-
plex with seven chromophores labelled ¢, isolated from
all the reservoirs:

7
Hpyo = ZEidIdi + Z Vijd;rdj ) (2)
=1 i\j#i

These seven BChl macromolecules, drawn in blue in
Fig. [ are described by a single degree of freedom: in
their excited state they host an exciton of energy FE;.
These energies change from site to site because of the
presence of the surrounding protein. In the previous
Hamiltonian, d;r(di) creates (annihilates) an excitation at

RC

FIG. 1: Illustration of one monomer of the FMO complex,
with standard site numbering [2] and the surrounding pro-
tein evoked in grey. The main hopping parameters |V;;| are
indicated in solid lines, the weakest in dotted ones. Ch and
RC respectively represent the chlorosome and reaction center.
Arrows indicate input or output currents.

chromophore ¢ that can propagate through the V;; cou-
pling terms. H,... is the Hamiltonian part taking into ac-
count the radiative recombination inside the FMO com-
plex: the exciton may annihilate thus creating a photon
(el). By hermiticity (hc) the reverse process can also

%
occur:

7

Hyeo =Vy Y (eld; + he) . (3)
i=1

Disadvantaging one or other of the processes is ensured
by the control of the photon population onto the FMO
(see later). V4 is the optical coupling between the BChls
and the local photon bath. It is assumed to be the same
for all chlorophylls. The Hamiltonian of the local photon
baths, whose energies are E;, simply reads

7
Hp =Y Eiele; . (4)
=1

Excitons also couple to vibrations whose origin may be
intramolecular or related to protein motion. The lat-
ter can be rather delocalized conformational modes of
low-frequency or collective vibrations of slightly higher
energy, that may be of the same order than differences
between exciton energies F; [27]. These collective vi-
brations are probably coupled inhomogeneously to the
different BChls. In the present paper we adopt a simpler
model: vibrations are modeled by local phonon baths,
reduced to one mode per site, for which the Hamiltonian



reads
7
Hy, = Zwmplpi ) (5)
i=1
and their interaction with excitons is expressed as
7
Hepn =Y giddi(p! +p1) . (6)
i=1

Furthermore, in the present treatment, the exciton-
phonon coupling is supposed uniform: g; = g. In the
absence of this interaction, the exciton spectrum is a dis-
crete one, through this interaction, it can acquire a con-
tinuous nature. Finally the Hamiltonian contains also the
injection and extraction terms: excitons are extracted at
site 3, while they are injected at sites 1 and 6 [2§] :

Hp = Vo(dic+ dic+ he) + Vi (ffds + he) ,  (7)

here ¢ annihilates an exciton in the injection reservoir
called chlorosome, whereas f! creates an exciton in the
extraction reservoir called reaction center.

Finally, these reservoir Hamiltonians read

H,=E.'¢ , H =E,f'f. (8)

In the present treatment, the influence of excitons onto
their surroundings are not provided. However some
feedback onto the reservoirs is considered through a
Lorentzian broadening of E. and FE, levels, as well as
onto the photon levels. All the operators in the Hamil-
tonian are of bosonic character.

B. Currents

The number of exciton per second flowing out from site
i can be expressed as

dN; . 1

Ji = —(

where N; = d;(di is the operator counting the number of
exciton at site 7. The commutator can be evaluated, and
leads to a decomposition

Ji=Y JyJi L+ I (10)
J#i
that can be interpreted through different events: the ex-
citon leaving the site ¢ may flow toward the others sites
j (Jij), toward the chlorosome (Jf), the reaction center
(JI'), or can de-excite by emitting a photon (J?).

The NEGF formalism is appropriate for expressing the
different currents and densities of this full open system.
This formalism is also appropriate in time-dependent
regimes, however in this paper we focus on the stationary
case, in which J; = 0, by the first Kirchhoff’s law. The
detailed formalism for currents and densities is presented
in Appendix A.

C. Parameter values

We use the cm ™! as energy unit, which is the one in use

in this context. For definiteness 1 cm™! ~ 0.124 meV.
The different input parameters needed to evaluate the
various currents are listed below.

- The parameters E; and V;; are taken from Ref. [29)].
Thereafter, the local energies E; are shifted by F3 ~
12350 cm ™!, the extraction site energy being chosen as
the origin. Several parameter sets for F; and V;; are
available, including the one of Ref. [30]. The latter leads
almost to the same spectrum as the one adopted here.

- The parameter V;, is chosen based on the recombination
time estimation of 1 nanosecond [31], as in Ref. [25], lead-
ing to V3 = 0.033 ecm~! [32].

- The phonon frequencies wp; = wp are assumed to be
site-independent and small compared to temperature in
the so-called high temperature limit. This assumption
also implies that they are very small compared to ex-
citon energies, such that exciton-vibration interaction
will be considered as elastic. wq is combined with the
exciton-phonon coupling g in a widely used parameter
A = g?/hwo, known as the reorganization energy. In the
present study, A will be varied to address the impact of
vibration on exciton transfer.

- In the footsteps of Ref. [25], the extraction parame-
ter V, = 16.69 cm™! is fixed by the requirement of an
exciton life-time at the extraction site in the picosecond
range [31], and the injection parameter V. = 0.42 cm ™!
is chosen so as to ensure a low exciton flux. Except in
the discussion of Fig. [6] V. will be fixed to this value in
the following calculations.

- The chlorosome reservoir energy, E., is chosen such that
the injection corresponds to the highest exciton energy of
the FMO, namely the highest eigenvalue of the {E;, Vj;}
matrix. In this instance, E, = 480.17 cm~!, while
the extraction is carried out at the lowest eigenvalue:
E, = —24.14 cm™!. These reservoir levels are largely
broadened in the following calculations, as previously
mentioned, by a Lorentzian parameter 7. = 7, = 105
cm~!. This broadening is a phenomenological way to
take into account hybridization between FMO and reser-
voir states, inside the reservoirs themselves. A broaden-
ing affects also the photon properties as discussed in the
Appendix A.

- NEGF also requires to fix the number of pseudoparti-
cles in the reservoirs. The exciton number in the chloro-
some and in the reaction center, respectively n. and n,
will vary in the following investigations. They constitute
the "fuel” or the driving force of the exciton transport
through the FMO circuit, as such they also influence the
exciton number inside the FMO complex. The latter is
not an input parameter, but is determined by calcula-
tion.

- Finally to disadvantage exciton creation inside the FMO
complex itself, compared to creation inside the chloro-
some, the photon number inside the FMO is zero. Exci-
tons can thus recombine, but cannot be created locally



Parameter | Value in cm™*
Recombination Vi 0.033
FMO-reaction center V. 16.69
FMO-chlorosome Ve 0.42
Injection energy E. 480.17
Extraction energy E, -24.14

TABLE I: Main Hamiltonian parameters and their values. See
text for references and details.

by absorption.

- With the hypothesis of a phonon bath at equilibrium,
the phonon temperature is also a parameter emerging in
the treatment of exciton-phonon interaction. It will be
fixed to kT = 200 cm~! ~ 300 K. In the present treat-
ment of the FMO, kgT and A only appear multiplied
by each other. Since A is a variable in our study, the
upcoming results can be used for another temperature
just by rescaling the reorganization energy A. The key
parameters are gathered in the Table ().

III. RESULTS
A. Inflow and outflow currents

Two chromophores, respectively numbered 1 and 6 are
the sites for injection, while the one numbered 3 is the
extraction site. Thus, the input current is the sum of two
contributions from the chlorosome, whereas the output
current counts the exciton per second escaping from site
3 to the reaction center:

Jin=Je==J7=J§ , Jour=Jr=J3 (11)
In the Appendices (A-C) it is shown that these currents
can be expressed using Greens functions and self-energies
(to be defined later) through

= —2Re [ LTr[G"ES + G<%]

Je ]
Jp = 2Re [ LTr[G'Sy +G<x?] .

(12)

In general, these currents are not equal due to radiative
recombination events onto the FMO, and the ratio J,./J.
is a measure of the transport efficiency.

Modeling the FMO as an open quantum system im-
plies that the only driving force behind the exciton trans-
port lies in the excitonic populations inside the reservoirs,
namely n. and n,. In the work of Pelzer [25], n. and n,
were fixed to 1 and 0 respectively. By varying them, we
propose to analyze the properties of this driving. Cal-
culations over a broad range of n. and n, have revealed
an exact linear dependence of the currents, that can be
formulated in the following matrix notation

= QccNle — QerNy (13)

Je
Jr = Opcle — QppTly

500F
200
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1 S
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FIG. 2: Coefficients ace, ey Gy and arr /e, as defined in
Eq. (13), expressed in MHz, a a function of the reorganization
energy \ in cm™?.

The signs have been chosen such that all the matrix
elements in the previous equations are positive. By
the Kirchhoff’s law, the total radiative current is sim-
ply the difference between input and output currents:
Jrad = Je = Jp = Y, J?. Thus J.qq is also an affine
function of the reservoir populations. The a-matrix el-
ements can be expressed in terms of retarded (G") and
advanced (G*) FMO Green’s functions (GF), and various
self-energy terms, which are detailed in the Appendices,
where the following expressions are derived:

dce = —2Re [ LTr[GES 4+ G7 (S5 + X.)Go%Y]

aer = 2Re [ g—:Tr[GT(if + X, )G*x?]

Qer = %Ref %T&.[Gr(is +XC)GCLZ$]

o = —2Re [ LTr[GTEF 4+ G7 (S5 + X.)Go%] .

(14)
We have defined the tilde notation by dividing the self-
energy by density: X5 = X5 /ng, for a = r,c (see Ap-
pendix C). As shown in the Appendix C, the linear de-
pendence relies on the fact that the injection and extrac-
tion reservoirs accommodate only one level, and on the
hypothesis of a phonon bath at equilibrium, at a tem-
perature high enough such that kg1 > hwg;. However
the assumption of an elastic exciton-phonon interaction,
made in the present study, is not a necessary ingredi-
ent for linearity. By symmetry we expect .. = ¢, as
established in Appendix C.

The different coefficients a.., a.. and «,, are plot-
ted in Fig. [2] as a function of the reorganization energy
A, which measures the strength of the exciton-vibration
interaction. The three coefficients first raise, then de-
crease, as A increases. This non-monotonic behavior for
aee and o, was also observed in Pelzer’s work [25] and
explained in terms of broadening of the exciton spectral
function due to exciton-vibration interaction. This in-
teraction is favorable to transport at low to moderate



interaction, before becoming detrimental at higher cou-
pling value, due to coherence loss. The maximum for o,
is attained for a rather small and sharp value of A close
to A = 20 cm™!, whereas the growth of the other two
goes on until a larger value of A lying in between 200 to
300 cm~'. The precise location of these extrema, as well
as their values, are closely related to injection and ex-
traction levels, as revealed by numerical calculations. It
should be noted that «.. and «,. can even be raised for
an injection at the second eigenmode, namely changing
E, for 408.19 cm~!, due to a bigger overlap between the
entry points and the second eigenvector, than between
the entry sites and the first eigenvector (see Table in
Appendix D: the second eigenvector has a large overlap
with the BCHI number 6). For the same reason of larger
overlap between the exit point and the lowest eigenmode,
the extraction energy E, adopted here, is optimal from
the efficiency point of view. In the FMO complex, the
order of magnitude of the reorganization energy would be
about 40 cm~! [1233], but values up to hundreds cm~*
have been reported [34].

One sometimes reads - for example on the wikipedia
entry for ”Fenna-Matthews-Olson complex” entry - that
the onsite BChl energies {E;} determine the energy flow
from chlorosome to reaction center, in some funnel or
cascade picture. The present study is not the first one to
challenge this idea [35], however it sheds a different light
on this idea. As widely acknowledged, the {E;} distri-
bution defines the extent of the FMO energy spectrum.
The vibrations, even treated in an elastic approximation,
broaden the otherwise narrow exciton spectral peaks and
settle overlaps that entitle the exciton transfer. However
it is the reservoir exciton populations that are the key
drivers of the transfer process. In other words, from Eq.
, we observe that the exciton flow travels from the
reaction center toward the chlorosome for n. = 0 and
n, = 1; and the current which in turn becomes the out-
put one J. = —a,. is the same, just reversed, than the
current flowing out from the FMO for n. = 1, n,, = 0.
Due to the asymmetry a.. # g, nor is it the density
gradient, of which (n. — n,) would be the witness, that
drives the transport. As shown in the next paragraph, a
small n, value can change the output current direction.
So the sometimes raised energy gradient does not seem
so relevant.

In addition to not being monotonous functions of the
reorganization energy, the a matrix elements are not all
of the same order of magnitude. The value of the ratio
Q[ Qire, also plotted inVFig. is linked to the present

reservoir coupling ratio y# close to 40.

B. Redesigning the FMO complex

The symmetry of the matrix V;; reduces the coupling
number to 21 [36]. Their absolute values taken from Ref.
[29] lie within the range [106 — 1] cm~!. In an attempt
to acquire a deeper understanding of the a-matrix coef-

Stiff

0 200 400 0 200 400
A A

FIG. 3: a-matrix coefficients for different FMO architectures:
the normal one (FMO, same as in Fig. , and the stiff and
soft ones. They are expressed in MHz, as a function of the
reorganization energy A in cm~!. See text for further details.

ficients and their relation to the FMO architecture, we
first disregard the smallest hopping elements of the V;
matrix, by removing the terms whose absolute values are
smaller than 20 cm™!. Seven coupling terms remain, they
are shown in solid lines in Fig. [T} and reveal two main
parallel transport paths, one of them including a loop.
We call this structure the stiff one. As can be expected,
the designed pathways bear some resemblance to those
that were selected as the main relaxation paths in the
FMO [11122128135].

The impact of this truncation on the a-matrix coef-
ficients is shown in Fig. In this architecture calcula-
tion, the reservoirs energy remain respectively the highest
and lowest eigenvalues of the normal FMO. For A < 100
cm ™!, the simplified stiff structure overestimates o, and
underestimates the other two by a few percent only. For
a higher value of )\, the values merge, revealing the ab-
sence of influence of the smallest V;; terms on external
currents in this exciton-vibration coupling range. In the
same Fig. [3] the a matrix elements corresponding to the
opposite case are also overlaid: an FMO architecture for
which the major couplings have been withdrawn, keep-
ing only those that were previously neglected. We call
this network the soft FMO. Again, the reservoirs energy
remain unchanged. The corresponding a coeflicients are
further away from the real structure, but surprisingly
there is no collapse of the current.

This can be understood by the following arguments:
first of all, all the three considered structures still in-
volve all the seven BChls. Furthermore, diagonalizing
the corresponding {E;, V;;} matrix leads to eigenvalues,
which are dominated by the {F;}, and which are very
close for normal and stiff FMO structures. This pre-
dominance of {E;} over {V;;} explains why the optical
spectrum is extremely sensitive to the choice of on-site



energies, as underlined in Ref. [14]. The eigenvalues for
the soft FMO architecture constitute a narrowed spec-
trum compared to the one pertaining to the real FMO:
this explains that the « coefficients are reduced in that
case.

This comparative study between normal, soft and stiff
architectures underlines the robustness of the FMO com-
plex: the V;;, which are very sensitive to the mutual
orientation of the BChls, may change in a noisy environ-
nement, without affecting too much the external currents
as we have shown. This is in line with the conclusions
of other works - see for example Refs. [8I37] - that have
demonstrated that the complex structure plays only a
minor role in the determination of the currents.

C. Toward a new regulation mechanism?

We now address the question of the influence of the
exciton population inside the reaction center. In Pelzer’s
work [25], the exciton extraction from the reaction center
toward photosynthetic chemical reactions is supposed to
be so efficient and rapid, that excitons are rapidly con-
sumed inside the reaction center and n, = 0 is assumed
all along. In the following, we depart from this very spe-
cial case.

In addition, we have not drawn all the consequences
from Eq. , and especially from the difference in order
of magnitude between the coefficients: . > Qpe, Qee-
Thus, for an exciton number onside the reaction center
verifying n, > nc%, the output current can be reversed,
well before the input one is reversed too: to fix the ideas,
for A = 100 cm™!, a small exciton number n, > 0.028
for n, = 1 is enough to reverse the output flow, whereas
passing from n, = 0 to n, = 0.028 only reduces J. by
less than 1.5%.

In addition to the injection and extraction currents,
NEGF calculations enable also to evaluate the inter-BChl
currents, previously defined as J;;. From now on, the
calculations will be done for the previously called normal
FMO, that is, standard FMO. The main currents corre-
spond to the highest |V;;| values, and we focus on them,
namely J65, JG77 J54, J74, J43, Jlg, and J23, for different
values of n,, but a fixed n. value. In the present con-
vention J;; is positive when excitons leave site ¢ for site
4. The local currents, as a function of A are displayed in
Fig. [ for the four more important ones, while the other
three, in addition to the output current, are displayed in
the Appendix E. They are all plotted for n,, = 0 and for
three low n, values: namely 0.02, 0.04 and 0.06, while
for all of them n., = 1. For an empty reaction center
(n, = 0), all the previous local currents are positive, but
they are not of the same amplitude: the branch with
the loop is more loaded than the simpler one: indeed
Jes + Jg7 > J12, and Jy3 > Joz. For n, = 0.02, a change
of sign appears in J74 at low A, whereas for n,, = 0.04, it
is negative for any A value. In this regime, Jg7 remains
positive, without violating Kirchhoff’s law, mainly due to

100 100} J74

-1001 1 -100}

1001

100—/“«(—_\

-100} 1 -100f
0 200 400 0 200 400
A A

FIG. 4: Main inter-BChl FMO currents as a function of A,
for four different n, values, and n. = 1.

high radiative recombination at site 7. Overall, Jy3, and
as a consequence J,, are the most sensitive to a small
exciton population on the reaction center. Indeed, for
A = 100 cm™!, the output current is now also negative:
the small value of n,, = 0.04 reverses the output current,
meanwhile, the input one is barely reduced. This means
that all the exciton energy is dissipated on the FMO itself
by radiative recombination.

The observed sensitivity of the output flow to the value
of n,. could be an avenue for a protection mechanism of
the reaction center, which, to our knowledge has not yet
been mentioned. Numerous studies point to the exis-
tence of mechanisms for protecting the reaction center
from overheating that are not yet fully elucidated [38-41].
The hypothesis put forward in this study is as follows:
beyond a certain exciton density at the reaction center -
albeit much lower than the density on the chlorosome or
on the FMO itself - the output current reverses, despite
an ongoing injection of exciton from the chlorosome. The
number of excitons at the reaction center then decreases,
as a result of increased radiative recombination inside the
FMO itself. Furthermore, this possible feedback mecha-
nism to prevent overheating could be quite reactive, since
the related transfer time scale is of the order of a picosec-
ond.

An alternative regulation mechanism can be also in-
voked, taking advantage of the sensitivity of the output
current to the value of the reorganization energy. In-
deed it has been suggested that to alleviate overheating
of the reaction center, a conformal change may occur [17].
It is certain that such a molecular reorganization would
result in a modification of the A value. We have demon-
strated that output currents can decrease or even reverse
as A varies, as shown quantitatively in Fig. [5| The non-
monotonic function J,.(A\) may entitle a variation of A in
both directions.

The above-mentioned protection mechanisms rely on
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FIG. 5: Output FMO currents J,, in MHz, as a function of
X in em ™, for different n, values. An horizontal line corre-
sponding to zero current guides the eye.
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FIG. 6: a-matrix coefficients in MHz for A = 100 cm ™! as a
function of V., the coupling between FMO and chlorosome.
The coupling parameter V. between FMO and reaction center,
is fixed as previously V. = 16.69 cm~!.

the possibility to reverse the output current for a low ex-
citon density at the reaction center. From the expression
of the output current: J, = apcne — apny, and reser-
voir densities satisfying n, < n., reversing the output
flow requires a large a,./ay. ratio, which is related to
V,./Ve. We thus address the question of robustness of the
inequality a,.,./ae- > 1. In Pelzer’s modeling, and in the
present calculations, the value of the parameter V. that
couples FMO complex and reaction center was chosen on
the basis of a low exciton flux through the FMO. The
question is whether the range of values for this parame-
ter is wide or not. Fig.[f]displays the different coefficients
of the a-matrix as a function of V,, for fixed V,. = 16.69
em~ ! and A = 100 ecm™'. For V. > 5 cm™!, the three
coefficients a.., o and a;.. are of the same order of mag-

A=50 cm'w, sites A=100 cm’1, sites

FIG. 7:  Site populations as a function of the site number
(i=1, ..7) for n, = 0,0.02,0.04 and 0.06, for two different
values of the reorganization energy. Throughout, n. = 1.

nitude, and as a consequence «;.,./a;,. — 1. This figure
reveals that, for A = 100 cm™*, V., <1 cm ™!, or equiv-
alently V,./V, Z 20, is required to guarantee a &,,/ay¢
ratio greater than 10, which is necessary for the proper
functioning of the proposed regulation mechanisms.

D. Density profiles

Finally, it is instructive to look at the exciton density
along the FMO sites as A or n,- vary. As mentioned in Ap-
pendix A, local density and local recombination current
are proportional in the present modeling. The density
profile is shown in Fig. [7] for A = 50 em™! and A = 100
cm~ !, and for different n, densities at the reaction cen-
ter. n. = 1 is assumed throughout this study. It reveals
a very efficient exciton evacuation at site 3, for an empty
reaction center: mg is lower than the other n;, at least
by an order of magnitude. Increasing n, raises the to-
tal exciton density and also tends to homogenize it on
the whole FMO. Overall, n3, although the lowest local
density, is larger than n,.. Spreading of the exciton pop-
ulation is also the result of a exciton-vibration coupling
increase as can be seen from Fig. [7} comparing A\ = 50
and 100 cm~!. A slight decrease of the total population
accompanies it. On this figure, the total density at most
reaches 0.5 for n, = 0.06 and A = 50 cm~!.

One can discuss the exciton densities from the per-
spective of eigenmodes instead of BChl sites. Fig. [§]
presents the local densities distributed on the different
FMO eigenmodes, which are indexed in order of decreas-
ing eigenvalues. The observed decrease of the mode pop-
ulations as the mode index raises for n, = 0, can be
understood, from the working condition used: injection
from chlorosome is done at E. equal to the highest eigen-
value, while extraction to reaction center F,. is done at
the lowest one, as stated in the parameter values para-
graph. The mode populations as well as the site ones, are
spread by A, promoting the transfer as expected, due to
energy broadening. A less predictable behavior is the fact
that as n, raises, the maximum mode population shifts
towards smaller energy. This is reinforced for higher A
values: we did not find any simple explanation for this



A=50cm™", modes A =100 cm™", modes

FIG. 8: Mode populations as a function of the mode number
(i=1, ..7) and n,, for two different values of the reorganization
energy. The parameters are the same as in Fig. m

reallocation density behavior.

IV. CONCLUSION

In the present paper, we take a fresh look at local
exciton transport in the FMO photosynthetic complex
by using NEGF, a technique suitable to open quantum
systems. We have re-examined the widespread idea of
energy cascade or funnel, and proposed the following off-
center point of view: the important fact for efficient FMO
operation is injection at an energy matching the eigen-
value corresponding to the eigenvector with great overlap
with the BChls identified as entry points, and symmet-
rically, extraction at the eigenvalue corresponding to the
eigenvector with greatest overlap with the BChl identi-
fied as exit point. We have also found that broadening
of these eigenstates by interaction with vibrations is also
an essential point for the smooth operation of the FMO
complex.

We have established that the fuel of exciton transport
through the complex is the exciton density on the reser-
voirs (chlorosome and reaction center), the input and
output currents being affine functions, in our modeling,
of the respective excitonic densities n. and n,..

The asymmetry between the affine coefficients opens
up a possibility of two protection mechanisms, one of
which has not yet been mentioned. The latter can be
summarized as follows: at low reaction center filling, the
flow between FMO and reaction center is reversed. This
releases energy through recombination. This protection
mechanism might be also desirable for artificial nanode-
vices. If not, it can be removed by a proper choice of the
coupling between the central system and its reservoirs.

Although we do not expect these conclusions to be
fully invalidated, it is important to test the robustness
of the current results within the framework of a more
realistic model for exciton-vibration interaction. In-
deed, the present calculations make essentially two as-
sumptions: high temperature compared to typical vi-
bration frequencies, and elastic exciton-vibration inter-
action, whereas room temperature is of the same order
of magnitude than typical intramolecular vibrational fre-
quencies [42/43]. This improvement constitutes a numer-

ical challenge, which is currently being worked on.
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Appendix A: Green’s functions for currents

We develop the formalism of NEGF in this Appendix.
Numerous textbooks and pedagogical papers [44-47], can
be found, they usually concern fermions rather than
bosons. Even if we are interested in the present paper in
the stationary regime, NEGF calculation developments
need time dependencies.

The goal of the present calculation is to obtain the var-
ious terms involved in Eq. @, where N; is the operator
counting the number of exciton at site ¢ in Heisenberg
representation. Evaluation of the commutator leads into
a decomposition for J; as written in Eq. , where the
current between sites ¢ and j can be expressed as follows

Jj@y:%Reh%G§@¢ﬂ7 (15)

in terms of a lesser Green function (GF) which is defined
by

Gt ') = —i(dj(t)di(t)) . (16)

In Eq. (15), the GF is an equal time version of Eq. .

Eq. (10) also includes currents between the site ¢ and
one of the reservoirs, namely chlorosome (c) or reaction
center (r), and finally between the site ¢ and the local
photon-bath (bi). We designate all these terms by the
generic «, and their evaluation through the commutator
lead to

J2(8) = TRe[Vai G (1,1)] (17)
where, for « = r, V,; = V.3 and Gj.(t,t) =
7Z<ff(t,)dz(t)>, for « = C, ‘/;1 = VC(5M + 526) and
GZ(t,t) = —ilcl(t')d; (1)), finally for a = bi, Vi =V}
)

A. Hybrid Green functions

We treat separately what we call hybrid GF, that is
Gy, for a = r,c or bi, and postpone G for a while. To
fix the notations, let us focus on a = ¢. We need to define
another GF named time-ordered one, as follows

Glo(t,t') = —ib(t —t'){ds(t)c! (') — (' — t){c" (t')di(t))
(18)



which, being an equilibrium Green’s function depends
only on t—#'. Henceforth we adopt h = 1. Using [H, c!] =

E.ct + Zj chd;, we obtain

—ziGt () = E.GE (t, 1)

o7 ZV Gt 1), (19)

whose solution can be written

Gie(t,t) Zvcj [arceegey, @)

with gL(t”,t') = gt(t" —t'), that can simply be related to
the chlorosome population n., just using

—if(t){c(t)c") — ib(=t)(cTe(1))
= —i(ne+0(t))e et 2D

ge(t)

¢! means here cf(t = 0). According to the rules of non-
equilibrium calculations [44], relying on the previous Eq.
, we can now evaluate the function we are looking
for:

Gult—t)= >, Ve [at” (Gt —t")gs (" —t')+

Gt — gt )],

that gives, in term of Fourier transform (FT)

ZZch[G

(22)

w)gs (w) + GHw)gi(w)] - (23)

New functions have appeared, namely G7;(t), g<(t) and
92(t), defined respectively by

Gyt = i) (vl - (dldi(1)))
gs(t) = —ilcle(t)) (24)
g:(t) i9(—t)(<c(t)cT ) — <cfc(t)>) :

where superscript indicates retarded (r), lesser (<), or
advanced (a) GF. The last two equations concern the dis-
connected chlorosome, their respective F'T can be eval-
uated and give g5 (w) = 2in.JIm(g%(w)) and ¢g5%(w) =
1/(w — E. £ in.), with . a Lorentzian broadening coef-
ficient affecting the exciton level inside the chromophore
and already introduced in the main text. The equation
needed to express G7(t) or more precisely its F'T will be
discussed in the next paragraph.

The preceding calculations can be replicated to evalu-
ate Gy, and Gy, This leads to

Grw) = X; Vi [Gl(w)gr (W) + G5 (w) g (w)]
Gii(w) = 2 W[G(w)gs (w) + G5 (w)gi(w)]
(25)
in which lesser GF for exciton on reaction center or
photon in the bath read g~(w) = 2in,Im(g%(w)) and
g (w) = 2inyIm(gp;(w)), while retarded and advanced

ones read ¢r%(w) = 1/(w — E, +in,) and g;;"(w) =
1/(w - F;, + inb). n, is the exciton population at re-
action center, already met in the main text. We have
defined ny; as the photon number at site i: in the present
calculations it will be set to zero to avoid exciton gen-
eration onto the FMO. 7, broadens the reaction center
level, 7, that of the photon. In Pelzer’s model and in
our own, 7 is large enough to ensure constant purely
imaginary gj;(w) = —im green functions. In that case it
can be shown that the local recombination current J? is
proportional to the local exciton density n; defined later.

B. FMO Green functions
1. Gy

As seen above, in Egs. and and as will be even
more apparent later, we need also to evaluate G7; (w), in
addition to G5(w). NEGF sets out the requirements to
evaluate these frequency-dependent lesser and retarded
GF. The retarded ones are defined as

= —if(t) ((d;(t)d}) — (didi(t))) . (26)

from which the time-derivative can be evaluated and
gives

Gi; (1)

ZGI(t) = —id(t)s;; — iE;Gy(t)
—i Zl VvilG;j (t) - ZglG;nz,]( ) Z%”Gbm( )
—iVei G (t) — iV G, ()

(27)
Again, new GF have been added, defined by

Gry(t) = i) ((ei()d]) — (des(t)))

Gty = =iot)((e(ya]) — (dle(t)))

Lo = o (od) - @) o es)

iy (1) = =00 () (B () + pit)) )
~(dld:(6)(pl () + pi(1))))

The first three of them can be calculated using equation
of motion, and their FT lead to

G’ém(w) = 25 Gl(W)
cy (OJ) = Zl w d ; ((.U) (29)
Gri(w) = Gl (w) -

The last one from Eq. needs approximations to be
evaluated, and will be expressed in terms of a self-energy
reflecting exciton-phonon interaction (see later). The FT
of Eq. can now be expressed as

Il w—

wG(w) = 0y + EiG(w) + 35 VaGj(w)

- ) (30)
+ ngPnZ J( ) + Za:r,c,bi VaiGaj (CU) .



We finally rewrite it in a matrix notation, in the basis of
sites, making the self energy apparent:

G W) =g @)+ @) (VW)@ , 61

where [g"(w)]ij = 65/ (w — E; +i7%$ the GF for the dis-
connected molecular site . Eq. (31]) is known as Dyson
equation. It makes an explicit reference to the V;; ma-
trix but acquires a more familiar expression in the FMO
mode basis:

G’r‘ — g’r‘ +§TETGT , (32>

where [gr]kkl (w) = 5kk//(w — Ek +’i77), with Ek the FMO
energies, that is, the eigenvalues of the Hpj;o Hamilto-
nian (Eq. (2)), and n — 0*.

The self-energy matrix can be split as

Y=Y+ i+, (33)
with an exact first part

Ye(w) = ge(w)We

w) = giw)W (34)

[Eg(w)}ij = 0ijgh W)V,

written in terms of [W,]i; = VaiVa, for a = rye. The
second part of Eq. , related to interaction with vi-
brations, needs approximations, that are detailed in the
next Appendix and lead to

Z;n =22 kgTAG" . (35)
with A a matrix defined as follows:

[AA} =05 A5 - (36)

ij
Due to this last term, which depends on G", Eq.
has to be self-consistently evaluated.

2. Gy

We now turn to the evaluation of Gjj(w). Again
NEGF, especially through Langreth rules, sets out the
requirements to evaluate this function from Eq. . It
gives

G< =G ((¢) ) TG ()

In the steady state regime at hand, the GF may not de-
pend of the population of the various levels that prevailed
in the remote past when the different system parts were
disconnected. We can therefore ignore the first term to
obtain the usual Keldysh equation, here in matrix form:

G< =GTy<G (38)
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with ¥< = 25 + X5 4+ 35 4+ X5, In details

Y5 (w) = g5 (w)We = 2inJIm (g5 (w)) W,
Y (w) = g7 (W)W, = 2in,Im (g7 (w)) W,
(=5 (W)]ij = 03 Vi g5 (w) = 2inp; VyIm (g7 (w)) Vo
(39)
and
S5, = 20k TAGS . (40)

The approximations leading to the previous expressions
for X7, and Esn are detailed in the next paragraph. In
the present treatment the exciton-phonon interaction is
supposed elastic. Now, the Keldysh Eq. can be also
self-consistently calculated. However it depends on G”,
thus the latter has to be computed first.

Before turning to the self-energy expression, it should
be noted that knowing ij (w) makes it possible to evalu-
ate the local exciton density n; defined by its integrated
diagonal part

[ dw

") o

G5 (W) . (41)

n; =

Appendix B: Self energy for exciton-vibration
interaction

In this paragraph we examine the self-energy that
characterizes the exciton-vibration interaction. Numer-
ous studies have focus on electron-phonon interaction in
translation invariant systems. We draw inspiration from
works in molecular or atomic junctions as those of Refs.
[48] and [49] where this invariance is lost. In the case at
hand, for local exciton-phonon interaction whose Hamil-
tonian appears in Eq. @, the self-consistent Born ap-
proximation leads to the following retarded and lesser
self-energies [44/4849)

ig*0ij [ 5% (GZ(V)Df(w —)

+ GL)DE (W —v) + GLW)Di(w =)
+ 6ijg*ni D" (W' =0) ,

ig°0ij [ §2G5(W)Df (w —v)

[(Eon @]

(5 @)l

(42)
with n; the exciton number at chromophore i, and the
phonon GF defined as follows [44]:

1 1
w—woi +in W+ wo; +1in

Di(w) = (43)

DF (w) = —2in [Ni(wOi)é(wwai)+(Ni(wOi)+1)5(w+w0i)}

(44)
where N;(wo;) is the phonon number at chromophore 4.
Assuming a phonon bath at equilibrium, and in the high



temperature regime for which kgT >> hwy,;, the inequal-
ity Ni(wo;) > 1 allows to neglect the terms in D! com-
pared to the one with D;>. We thus can write in a com-
pact notation

- . v .
(S )], =98 [ SECE 0D =) . (45)

A further approximation, is usually made in Eq.
in which the phonon frequencies are neglected com-
pared with those of excitons, leading to Dy (w) =~
—2im (2N;(wo;) + 1)6(w), which, with N;(wo;) ~ ’;ng
leads to

G;’<(OJ) = 25zj)\kBTGZ;<(W) .

(46)
We have introduced the reorganization energy parameter
A defined in the main text. Using the A matrix previously

defined in Eq. , we can gather the results of the
present Appendix in the following form

[Ze )], = 2620 2]

S (w) = 20k TAG" < (w) (47)

Appendix C: a Matrix

In the present Appendix, we establish Eq. and
evaluate the various coefficients of the o matrix.

From Egs. , , and , and the definition
of self-energies, using the notation Tr for the trace of a
matrix, we can rewrite the expressions already quoted in

Eq. .

_ _2 dw Ty < <ya

) LR T

JT = ERengr[G ZT —|—G 27‘] 5

where we have introduced the advanced reservoir self-
energy, on the model of the retarded ones (Eq.):

Yo (w) = Wags(w) (49)

for « = 7,c. Note that 3¢ are independent on the
reservoir populations n. and n,. We can notice also
that, according to Eq. 7 XS x ne, while £ o ng.
We take this opportunity to define 35 = ©</n., and
¥< = %5 /n,. We are going to demonstrate that G”, in
the high temperature hypothesis for the exciton-phonon
self-energy, does not depend on neither n. nor n,, and
that, in a matrix notation, G< = n.G"Y.G%+n,G"Y,G*,
with Y. (w) and Y,.(w), two expressions independent on n,
and n,, to be given soon. Relying on Eq. , this will
give rise to Eq. , and enables to express the a-matrix
elements.

First, it is easy to show that G” does not depend on
the reservoir populations: it is evaluated from the Dyson
equation, Eq. 7 in a self-consistent manner, that is,
at stage n+ 1, the GF G"("+1) is obtained by evaluating

g +g" (V—|—Er(")> G"(™) . The self energy X7, is evaluated

11

in Egs. , and 7 with, in the high temperature
limit (see previous Appendix), S = 2\kpTAGT™.
This loop is repeated until convergence, and it is clear
that, since 3¢ and X7 are independent of n. and n,,
the same applies to G". However this result relies on
the high temperature hypothesis: indeed, except in this
case, another term depending on G< remains in Yo (see
Eq. ) And, as we shall prove soon, G< is an affine
function of n, and n..

We now turn to G=<. From Egs. , and , it

is easy to get
o = 2A{ G S5+ ST+ 35160 (50)

where we have use the short-hand notation x = 2AkgT.
This equation can be expressed in a power expansion of
x, with all terms proportional to n. or n,. With the
following notations, ¥, = Xcn. + X,n,, we get

G< = ncGT (ic< + Xc)Ga + anT (if + XT)Ga ’ (51)

from which the a-matrix coefficients can now be ob-
tained, as written in Eq. .

By symmetry we expect au.. = ay,. This can be estab-
lished easily for the first parts of a., and a,.., implying

respectively Re [GTifGazg] and Re [Grigaazg]. We
first note that G* = (GT)*. Using Eq. and the one
for 37, we get

Re[G"S5G5¢| = Re[2iTm(g]) g2 G W, (G7) W]
(52)
From the defini-

tions of the reservoir advanced or retarded GF previously

We need to examine Re [QiIm (g;)gg}.

presented, it it easy to show that Re [Qilm (g; )g‘;} =
Re [22’1111(92) g?}, which establishes

Re[G"S5 Gazg} — Re [GTSjG“Zﬁ] . (53)
The same argument can be repeated for the second parts
of a.- and a,, for example, for each term in the expan-
sion in power of x for X, and X, leading to

Re [GTXTG“EZ] = Re [G*XCG“Z?} ; (54)

and to the expected equality o = Q.

Appendix D

In this Appendix we give eigenvectors and eigenvalues
of Hrpo (Eq.(2)). The first column of the Table (II)
gives the various eigenvalues. If |i > represents the exci-
ton state residing on the BChl number i, the eigenvectors



1 2 3 4 5 6 7

480.17|-0.465| 0.871 | 0.043 |-0.007| 0.032 | 0.144 | 0.038
408.19| 0.08 |-0.111 {0.034 | -0.30 | 0.56 | 0.71 | 0.264
311.49| -0.04 | -0.098 |-0.073| 0.265 | -0.712| 0.63 | 0.103
276.05(-0.013|-0.0004| 0.138 | -0.34 | -0.253 |-0.268 | 0.854
224.27| -0.88| -0.46 |-0.089|0.011 | 0.090 |-0.043| 0.019
138.98| 0.066 | 0.036 |-0.285] 0.786| 0.319 |-0.064 | 0.434
-24.14(-0.046| -0.076 | 0.94 | 0.32 |0.0656 |0.0323|0.0046

TABLE II: Eigenvalues (first column) and related eigenvec-
tors in the BChl basis for Hraro (Eq)

100F—Fr—————— 100 Jo7
=
or n=0 — 0
n=002 ——
n,=0.04
100} =006 -100
0 200 400 0 200 400
100 F—‘J\ 200 /—\
0 0 1
-200
100}
0 200 400 0 200 400
A A

FIG. 9: For four different n, values, different inter-BChl
FMO currents as a function of A, as well as output current,
for n. = 1.

-
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of Hppro can be decomposed on the related basis:
o >=Y " Canli)]i > (55)

The n-th line of the Table displays the Cyy, (i) coef-
ficients.

Appendix E

Fig. [0 completes Fig. [4 that was presented in the main
text. Due to a larger distance from the reaction center,
these inter-BChl currents are less sensitive to the value
of n,.
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