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Long-lived quantum coherence and non-Markovianity of photosynthetic complexes
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Long-lived quantum coherence in photosynthetic pigment-protein complexes has recently been reported at
physiological temperature. It has been pointed out that the discrete vibrational modes may be responsible for
the long-lived coherence. Here, we propose an analytical non-Markovian model to explain the origin of the
long-lived coherence in pigment-protein complexes. We show that the memory effect of the discrete vibrational
modes produces a long oscillating tail in the coherence. We further use the recently proposed measure to quantify
the non-Markovianity of the system and find out the prolonged coherence is highly correlated to it.
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I. INTRODUCTION

The phenomenon of excitation energy transfer (EET) is
widely observed in photosynthetic pigment-protein complexes
(PPCs), such as the Fenna-Matthews-Olson (FMO) antenna
complex and the light-harvesting II (LH2) complex [1]. Many
theoretical works based on the diffusion-rate equations with
the Markovian approximation have been proposed [2—4]. In
these studies, one usually employs the assumption of the weak
system-environment coupling (or the ultrashort environmental
correlation time), such that the environment only leads to the
Markovian damping [5]. In real experiments, however, the time
scales of the excitation dynamics, phonon field reorganization,
and the system-environment interaction are comparable [6,7].
Therefore, the actual dynamics should go beyond the weak-
coupling regime.

Recently, the long-lasting beating signals have been re-
ported in the experiments on PPCs by using the two-
dimensional photon echo technique [8—10]. This provides a
strong evidence for both the wave-like behavior of the EET
phenomenon in chromophoric molecules network and the
existence of the persistent quantum coherence. In the past
few years, the phenomena have been discussed extensively
[11-13]. However, there are still many open questions asso-
ciated with the presence of robust quantum coherence against
the surrounding environment. For example, its impact on the
efficiency of the EET [14,15], the role played by the surround-
ing environments [16], and the non-Markovian memory effect.
In order to construct a proper model that can reproduce useful
insights, many methods, such as non-Markovian second-order
perturbation theory [17], the polaron transformation [18-21],
and the hierarchy approaches [17,22-25], have been used to
catch the underlying mechanisms.

To explore the correlation between the long-lived coherence
and the non-Markovian memory effect, we present here an
analytical theory for a system coupled to the environments
containing both the locally continuous and the discrete vibra-
tional modes (commonly shared by several pigments) [26—28].
As a main result, we find that the memory effect of the
discrete vibrational modes produces a long oscillating tail and
the coherence time is significantly prolonged. To address its
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relation to the non-Markovian effect, we use the recently de-
veloped measure [29] to quantify the non-Markovianity of the
system. By observing the results at different coupling strength
and temperatures, we find that the higher non-Markovianity
corresponds to the stronger oscillating tail and may explain
the long-lived coherence (or the rephasing mechanism [16])
up to picosecond.

II. THEORY
A. Model

Considering that the pigment aggregation consists of
N pigments. In the single-excitation manifold, the system
Hamiltonian Hjy, is written as

N
Hys = " hoj| )G+ Y Ty kL + 1K) (D, (D)

j=1 Jj<k

where hw; is the energy of the jth site (pigment) and J; ; is
the electronic coupling between the jth and kth sites. The
number of pigments in an aggregation varies in different
species, ranging from 6 in the reaction center (RC) [30-32],
7 in the FMO [33,34], to 8 and 16 in the B800 and B850
BChl ring of the LH2 [35,36], respectively. Normally, they
are very closely packed by groups of long protein subunit
helices. For example, the molecules of the RC in photosystem
II from Thermosynechococcus elongatus is enclosed by D1
and D2 subunit with average nearest-neighbor distance about
10A [32].

In addition to the short intermolecular distance, it has been
suggested that highly correlated environment is responsible for
the long-lived coherence [8]. Thus, it is plausible to assume
that the pigments share some discrete and common vibrational
modes in their vicinity

N

Hyovin =Y Y 1)1 ® (hg;xbf + hghibo). ()
j=1 k

where g;x is the coupling strength and l3k (15|T() is the
annihilation (creation) operator describing the discrete and
common vibrational modes. From now on, the discrete and
common vibrational modes will be rephrased as the common
modes for simplicity. Besides the coupling to the common
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modes, we also assume that each pigment is coupled to its
individual local environment

N
Hyseny = Y D 1)1 ® (hgjqtthy + higtgdjg).  (3)
=1 q

where g; 4 is the local coupling strength of the jth site and
djq (fl;’q) is the annihilation (creation) operator of the jth
local environmental modes.

The total Hamiltonian describing the photosynthetic EET
processes is then written as

ﬁT = I?sys + ﬁvib + ﬁsys—vib + ﬁenv + ﬁsys—env’ (4)

where

Hyp = > heobybi ®)
K
and

N
=D gl 4dsa: (©)
=1 4

B. Polaron transformation

In the EET phenomenon, the electronic coupling plays
an important role in facilitating energy transfer between
chromophores. Several approaches have been developed for
different coupling regimes. In the weak electronic-coupling
regime, the Forster theory leads to the diffusion-rate equations.
On the other hand, in the strong electronic-coupling regime,
the Redfield theory considers the dynamics of the delocalized
states dissipated by the weak environmental perturbation.
However, none of the conventional Markovian treatments
can adequately describe the EET process in the interme-
diate coupling regime due to the comparable scale of the
electronic coupling, phonon field reorganization, and the
system-environment interaction. [6,37]. Although numerically
nonperturbative approaches have been successfully applied
to provide the insights of the dynamics [38], one usually
requires special numerical implementations to perform the
intensive numerical calculations [16]. To gain the physical
insights straightforwardly, we adopt here the small-polaron
quantum master equation, which has been successfully applied
to describe the EET processes in the intermediate coupling
regime [18,19,39].

The first step is to perform the unitary polaron transforma-
tion with respect to the common modes bk =eSHe S,

where § = ijl DkINtl® (i’)—l:‘blt — %‘bk). The trans-
formed total Hamiltonian can be rearranged as

ﬁT = ﬁsys + ﬁvib + ﬁﬂuc + ﬁenv + I:\Isys—enw (7)
where
J 18l
ﬁg L= h L h J.k . .

5 =2 ( wj—hY = )mm
j=1 k
+ ) (JjaBjli) k| + Jij Be k) (1), ®)

j<k
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and
Hie =Y _1J;4lj) (k| ® (D; D} — Bj1)
j<k

+ 1K) (| ® (DDt — By j)]. ©)

Here, the expectation value Bj; = (D I l/)\,t) and D =
eXp[Zk(%blT(
that Hp,. can be considered as the fluctuation of the trans-
formed electronic coupling from its average value.

gk . .
— w’—kbk)] is the displacement operator. Note

C. Master equation

In the interaction picture, the time evolution of the total
density matrix is governed by the following equation of
motion:

d [~
< porlt) = —%[Hﬂuc<z> Pror()] —

I~
97 ﬁ[Hsysfenv(t) , Prot(1)].

(10)

In our model, the non-Markovian effect will be taken
into account by the time integral over the past history of
Hpyc(2). However, in contrast to the non-Markovian interaction
Hp,.(t) from the common modes, the PPCs are immersed in
a humid physiological environment or embedded in a huge
protein matrix [40—42] The interaction with such environment
is described by HSys env and can be treated Markovianly
in the Redfield limit, namely, with small reorganization
energy [6,17,22]. The master equation is then written as

a
3 :Osys(t)
i ~ 1
_ﬁTrvib[Hﬂuc(t) 7psys(t) ® pvib] — ﬁTrenv
00 —~ —~
X / [Hsys—env(t),[Hsys—env(t ) »)Osys(t) ® Penv]ldz,
0

(11

where pyip and peny are the density matrices of the common
modes and the local environment, respectively. Express the
master equation in the exciton basis {|u)}, i.e., the eigenbasis
of Hgys with Hgys| ) = how,|i). The master equation becomes

E Iosys(t)

i ~
= _ﬁTrvib[Hﬂuc(t) spsys(t) ® Pyib]

+ E / G (.L.)elu)vr “,TAJ L. UA W elwu V’el“’u’ vt

Jol v v

X [Uu’ v’psys(t)c}u v

E —iw, T —iwy
* /{G (T)e " " Ay pAj e

Jolksvs V'

6M va'u’,v’ Psys ®}dt

lwr /I[

xe psys(t)6v’,u’6v,u]}df 5

12)

G, Psys()Gvr

where Aj,u,v = (MU)(.}'U)’ 6H,V = |M><V|s Wy = Wy — Wy,
and G;(t) = fooo Jj(w)[cos wt coth(%) —isinwt]dw is
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the correlation function with the spectral density function
defined as J; (@) = Y-, |gj.q/*8(@ — @) q).

By applying the secular approximation, all frequency
mismatching terms in Eq. (12) with o, , # —w, , are
neglected. If one further assumes [;° G ;(1)e'“"dt ~
2¥juw — i S, the master equation can be simplified

0 i ~
gpsys(t) = _ﬁTrvib[Hﬂuc(t) apsys(t) ® ;Ovib]

- ;—_l[ﬁreg Py (O] + R{pgs @}, (13)

where Hieg =Y, , —1SjuulAjuul’|) (1] is the reorga-
nization energy induced by the local environment and the
Markovian dissipator takes the form

M psys (1)} = Z Vi w AjunAjww
Jom

1
X {O—;L,;Lpsys(t)o—u’,;ﬂ - 5[O'//_’,M/U,u_.p_’psys(t)]}

2
+ Z yj,u,v|Aj,p,,v|

Jou#v
. . |,
X Gv,upsys(t)au,v_E[O';L,vo'v,p_ ’psys(t)] .

(14)

The first term on the right-hand side of Eq. (14) gives the bath-
induced pure dephasing channel in the exciton basis, while the
second term gives the exciton migration.

Let us rewrite the master equation in the site basis, which
is appropriate for considering the EET phenomenon between
the pigments. Although Hgy, and Hreg are diagonal in the
exciton basis {|u)}, it is not the case in the site basis due
to the electronic coupling between each site. Hence, we can
regroup them into the diagonal part and off-diagonal part:

ﬁsys + Iflreg = ﬁO + ﬁele’ (15)

55 N
where Ho = };_, n
ing to the site energy containing the modulation given by Hie,
with

2
ik
w’-:har—hg lgiul” _
J J
K Yk

ha); |7){j| is the diagonal part correspond-

Z BSk | At A s

k,p,v
(16)
and Hae = Y2, o (J} Byl /) k| + I Bej k) {j]) is the off-

diagonal part corresponding to the electronic coupling between
each site modulated by H., with

St
Ta= = Y R A PG ) (k). (1T)

INTRY J’

D. Non-Markovian treatment to the common modes

It has been pointed out that the discrete vibrational modes
may be responsible for the long-lived coherence [16,26,28].
However, in Ref. [16], the discrete vibrational modes coupled
to each site is noncorrelated and a special numerical implemen-
tation is employed in their simulation. Thus, to gain an analytic
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theory, we apply the second-order time convolution method to
the interaction between the pigments and the common modes,
Hﬂuc, and obtain the following master equation:

0
5 Psys ()

= __[Hele(t) psys(t)] + Eh{,osys(l‘)} Trv1b

x f iue®) e . pos(1) @ prlldr. (18)
0
Explicitly expanding Eq. (18) in the site basis leads to a set

of coupled integrodifferential equations of the density matrix
elements {p; (1)}

el p; (1)

ot
— —iw‘/j,keiiw;’ktpj,k(t) + Z mj-kvj’vk’e_iw/'“p_,-/,k/(t)
j/ k/
- —Z 1Bjae IOl oy (1) F ZJI WBrie i p; (1)
I;é] Z;ﬁk
+ 13 Z / frm(t = T)e " py (). (19)

lL,m

One can notice that the memory effects are taken into account
in terms of the convolution of the memory kernel f; ,,(¢). Its
detailed expression is given in the Appendix. One approach to
solve the coupled integrodifferential Eq. (19) is to invoke the
Laplace transformation. After carefully analyzing properties of
the poles, one can find out that each pole is of the first order with
a negative real part. The standard contour integration then can
be applied to accomplish the inverse Laplace transformation.

III. RESULTS AND DISCUSSIONS
A. The dimer model

We now apply our theory to a dimer model consisting of two
sites denoted by |L) and | R), as illustrated in Fig. 1. The dimer
parameters used in the calculations are w;, — wg = 100 cm™!
and J; g = 100cm~!. The energy difference of two exciton
eigenstates |e;), |e2) is @) = 200 cm™". For simplicity, only

ﬂ/larkovian environmenh
|e)

Single common mode

N

FIG. 1. (Color online) Schematic illustration of the dimer model.
The two sites are denoted by |L) and |R). They couple to each other
via an electronic coupling J and form two delocalized eigenstates
le1), |e2). The two sites share a single common mode, and each site
has its own local environment, which is treated Markovianly.
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single common mode with wi = 150cm™!, g; x = 75cm™!,

and ggrx =60 cm~! is considered for the non-Markovian
effect.

Each local environment is assumed to be homogeneous,
such that the spectral density of each site is the same. The
information of the spectral density can be extracted from
the hole-burning [43] or fluorescence line-narrowing (FLN)
spectra [26-28]. The over-damped Brownian oscillation model
has been found to fit the experimental data well [44] and is
widely used in many theoretical works [21,24]:

J@) =@y =2 _©
jlw) = Jlw)= T Wty

According to Refs. [17,22], to ensure the accuracy of Marko-
vian treatment on the local environment, A should be less than
electronic coupling J;. g such that it can approach the Redfield
limit. Hence the following values are chosen: A =20cm™!
and y = 50cm~!'(y~' = 106fs), which is shown to give the
results that coincide with the experimental observations [17].

To explicitly show the long-lived coherence by the common
mode, we compare the results of our non-Markovian dimer
model with those of a Markovian counterpart without the
common mode. Figure 2 shows the time evolutions of the
populations of the L site and R site at different temperatures for
both the non-Markovian (solid curves) and Markovian (dashed
curves) models. As seen, the oscillating amplitudes of both
models are suppressed when increasing the temperature. In
addition, the non-Markovian model gives the longer oscillating
amplitudes in time than those of the Markovian model.

In many recent photon echo experiments, the coherence
in the exciton basis was demonstrated. In Fig. 3(a), we show
the time evolutions of the coherence in the exciton basis
for both models with an initial state pg(0) = |L)(L][; i.e.,
the absorbed photon energy is transmitted from the antenna
pigments into the L site of the dimer. In the absence of
the common mode, the coherence in the Markovian model
(dashed curves) decays monotonically to zero within 400 to
600 fs. In contrast, the non-Markovian model (solid curves)
provides prominent oscillations and sustains much longer
coherence time. Besides, one also notes that the profile in the
non-Markovian model consists of two components: One is a
fast monotonic decay by the outer environment roughly on the
same time scale as Markovian counterpart, and the other is a
multifrequency beating pattern induced by the non-Markovian
interaction with the common mode. Moreover, when the
time goes beyond 500 fs, the coherence of the Markovian
model almost dies out in the exciton basis. However, in
the non-Markovian model, the coherence is provided (or
generated) by the common mode and can last a long time.

To further confirm that the beating tail in the non-Markovian
model is exactly from the interaction with the common mode,
in Fig. 3(b), we show the coherence in the exciton basis
with the initial state ogy(0) = |e1){e1|. No initial coherence
in the exciton basis is present for such an initial condition and
hence no coherence is present in the Markovian model (dashed
curves). However, in the non-Markovian model (solid curves),
coherence can be induced by the common mode even without
the initial coherence. This phenomenon is similar to the
Rabi-oscillation in quantum optics and has also been observed
by Chin et al. [16]. We stress that the underlying physics is
from the non-Markovian coupling to the common mode.

(20)
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FIG. 2. (Color online) The populations of (a) the L site and
(b) the R site with temperature at 180 K (green), 200 K (blue),
250 K (red), and 300 K (black) for both the Markovian (dashed) and
non-Markovian (solid) models. Long oscillating tails are induced by
the single common mode and are suppressed when increasing the
temperature.

B. Degree of the non-Markovianity

To assert on the relation between the non-Markovian
effect and long-lived coherence, we proceed to study the
measure of the non-Markovianity. Recently, many efforts
have been devoted to construct a proper measure of the
non-Markovianity. At least two different approaches have been
proposed. One approach is proposed by Breuer et al. [45]. The
non-Markovianity is defined by monitoring the temporal back-
flow of the information from the environment into the system.
Another approach is based on the idea of the divisibility of a
quantum process applied to a quantum system [46,47]. This
concept is used by Rivas er al. [29] to construct a different
measure of the non-Markovianity. In the following, we will
adopt the measure proposed by Rivas et al. [29] and introduce
an ancillary dimer in order to calculate the non-Markovianity.

Suppose that A? is a C*-algebra of linear operator on the d-
dimensional Hilbert space H?. A trace-preserving map £(z,0) :
A? — Al mapping an initial state p(0) to a final state p() is
said to be completely positive (CP) if I" ® £ : A"+4 — An+d
is also positive for any nonnegative integer n, where I" is an
identity operation on A". Every authentic quantum process
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FIG. 3. (Color online) Time evolutions of the coherence between
the two exciton basis with temperature at 180 K (green), 200 K (blue),
250 K (red), and 300 K (black) for both the Markovian (dashed) and
non-Markovian (solid) models. (a) The initial condition, p(0) =
|L)({L|, is used and the non-Markovian profiles show two components
as explained in the context, whereas the Markovian ones are merely
monotonic decay. (b) The initial condition, pgy(0) = |e1){e1], is used
and the oscillating tails can still be induced by the single common
mode, whereas no coherence is present in the Markovian model.

should be CP to ensure that we can measure a legal quantum
state p. Let us define the trace norm || - ||; of a matrix A as

Al = Trv/ATA 1)

A CP quantum process E(¢ + 7,0) is said to be divisible if,
for any 7 (t > 0), one can find another CP process A(f + t,?)
such that

E(t +1,0) = A(t + 7,1) 0 £(2,0). (22)

A process € is said to be Markovian if it is divisible. Hence, the
measure of the non-Markovianity proposed by Rivas et al. [29]
is the degree of a process deviating from being divisible

o) = lim MA@ ACHEDWN WD 1
e—0t

. (23
€

where |W) denotes a maximally entangled state in H‘¢ ®
H?. Due to the Choi-Jamiotkowski isomorphism [48,49],
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FIG. 4. (Color online) The entanglement between a dimer system
and its corresponding ancillary dimer with temperature at 180 K
(green), 200 K (blue), 250 K (red), and 300 K (black) for both the
Markovian (dashed) and non-Markovian (solid) models.

g(t) 2 0,Vt > 0, and g(¢) = 0 if and only if A(t + €,¢) is CP,
namely, & is divisible and Markovian.

However, from the practical point of view, Eq. (23) is
not necessarily useful in some situations. For example, if the
detailed information of the system cannot exactly be extracted
from the experimental data, £(z,0) cannot be properly con-
structed. Hence, a replacement of Eq. (23) is suggested: Every
local CP operation can never increase the entanglement E
between a system and another copy of an ancillary system,

E(:Osys,anc) = E[(gsys by ganc)(psys,anc)]- (24)

Consequently, the degree of the non-Markovianity within a
given time interval [0,7] can be estimated [29] by

t
1= /0 %E{[Id Q E(T,OI(IWN(WD}dT — AE,,  (25)
where AE, = E(|W)(¥|) — E{[I¢ ® £(¢,0)](|¥)(¥|)}. Given
aMarkovian process &, the quantity E{[I¢ ® £(z,0)](|¥)(¥|)}
is monotonically decreasing function in time.

In Fig. 4, we calculate the entanglement between our
non-Markovian dimer model and a copy of well-isolated
ancillary dimer. The measure of the entanglement is defined
by the concurrence [50]. For comparison, we also plot
the Markovian counterpart (dashed curves). The wavy
solid curves are good indications of the non-Markovianity.
As seen, the long wavy tails sink earlier at the higher
temperatures, i.e., the non-Markovianity decreases when
increasing the temperature. Without the common mode, the
monotonically decreasing dashed lines illustrate that the dimer
system undergoes a Markovian process and the environment
continuously destroys the entanglement between the dimer
system and its corresponding ancillary dimer.

In Fig. 5(a), we plot the dependence of the non-
Markovianity (due to the common mode) on temperature
at different coupling strength gy g. The parameters for the
blue dots are the same as those in previous figures. For the
black dots, we choose g; = 165cm™!, gr = 135cm™!, and
for the red dots, g; = 157.5cm™!, gg = 142.5cm™" are used.
It clearly shows that a larger coupling strength or a larger
difference in g, g will produce a stronger non-Markovianity.
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FIG. 5. (Color online) (a) Non-Markovianity versus temperature
for different couplings to the common mode. The parameters for
the blue dots are the same as those described in the legends of the
previous figures. Black and red dots are obtained by using the stronger
couplings of g, x and gg k., as illustrated in the main text. A stronger
coupling to the common mode can induce a larger non-Markovianity
7. (b) Time evolutions of the populations at 7 = 180 K. A stronger
coupling to the common mode generates the longer and larger
oscillating behavior.

Meanwhile, the non-Markovianity decreases when increasing
the temperature, as expected in Fig. 4.

To further show the connection of the long-lived coherence
to the non-Markovianity, in Fig. 5(b), we plot the populations

J
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of the three different values of coupling strength at 180 K. In
Fig. 5(a), the degrees of the non-Markovianity for the black,
red, and blue dots at 180 K take the values 7 = 2.12, 1.23,
and 0.87, respectively, and their corresponding dynamics are
depicted in Fig. 5(b) with the same colors. It can be seen that the
black curve persists the obvious oscillations longer than 1.6 ps.
The red curve also has a long oscillating tail, but its amplitude
is much smaller than the black one. The oscillations in the blue
curve almost die out after 1.2 ps. Hence, we can conclude thata
stronger coupling to the common mode induces the larger non-
Markovianity and can support longer, energetic EET process.

IV. CONCLUSION

In conclusion, we propose an analytical non-Markovian
model to gain the physical insights of the long-lived coherence
straightforwardly without invoking any specific numerical
implementation. Our theory suggests that the common modes
play a crucial role in EET process. With the presence of
the common modes, the absorbed photon energy can persist
hopping for much longer time and hence the EET becomes
more energetic even at physiological temperature. This
provides an approach to study the environmentally enhanced
EET efficiency.

In addition, the non-Markovian profiles consist of two
components: a monotonic decay and a multifrequency beating,
whereas the Markovian model can only decay monotonically.
The coherence can be induced by the common modes even
without the initial coherence in the exciton basis. These
phenomena suggest that the common modes may induce
the coherence and can be analogous to an externally driven
Rabi-oscillation in quantum optics.

To address the relation between these effects and the
non-Markovianity, a measurement in Ref. [29] is applied to
our model. One can find out that a stronger coupling to the
common modes can produce a larger non-Markovianity and
generate a longer and larger oscillating amplitude. These
confirm the connections between the common modes, the
non-Markovianity, and the long-lived coherence.
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APPENDIX: DETAILED EXPRESSION OF MEMORY KERNEL

The detailed expression of the integral term of Eq. (19) is given by Vj,k,

t
S [ it = 00 01 =
Lm V0 I j,m#k

t
> / Jjdm k€U D (1) DY(T)D (1) D] (1)) — BBy ile™“n" pr(T)d T
0

t
-y f Jjad1me "D () D] (1) Di(1) D}, (2)) — B 1 Brwle™“nt" pyy (T)d T
0

I#£j.m#l

t
+ > f I i d 1€ niOUD(ODYOD(T)D](2)) = By 4 Bjile™ 0™ py (T)d T

1#j,m#k ¢ 0

t
- > / it € “n 1 O UDy(T) D}, (1) Dy (1) D)) — Br Bunle ™" pj(t)d .
0

I#m,m#k

(Al)

042147-6



LONG-LIVED QUANTUM COHERENCE AND NON- ...

[1] R. K. Chain and D. 1. Arnon, Proc. Natl. Acad. Sci. USA 74,
3377 (1977).

[2] W. M. Zhang, T. Meier, V. Chernyak, and S. Mukamel, J. Chem.
Phys. 108, 7763 (1998).

[3] M. Yang and G. R. Fleming, Chem. Phys. 275, 355 (2002).

[4] J. Adolphs and T. Renger, Biophys. J. 91, 2778 (2006).

[5] H. P. Breuer and F. Petruccione, The Theory of Open Quantum
Systems (Oxford University Press, New York, 2002).

[6] A. Ishizaki and G. R. Fleming, J. Chem. Phys. 130, 234110
(2009).

[7] P. Huo and D. F. Coker, J. Chem. Phys. 133, 184108 (2010).

[8] H. Lee, Y.-C. Cheng, and G. R. Fleming, Science 316, 1462
(2007).

[9] G. S. Engel, T. R. Calhoun, E. L. Read, T.-K. Ahn, T. Mancal,
Y.-C. Cheng, R. E. Blankenship, and G. R. Fleming, Nature 446,
782 (2007).

[10] G. Panitchayangkoon, D. Hayes, K. A. Fransted, J. R. Caram, E.
Harel, J. Wen, R. E. Blankenship, and G. S. Engel, Proc. Natl.
Acad. Sci. USA 107, 12766 (2010).

[11] Y.-C. Cheng and G. R. Fleming, Annu. Rev. Phys. Chem. 60,
241 (2009).

[12] N. Lambert, Y.-N. Chen, Y.-C. Cheng, C.-M. Li, G.-Y. Chen,
and F. Nori, Nat. Phys. 9, 10 (2013).

[13] S. Huelga and M. Plenio, Contemp. Phys. 54, 181 (2013).

[14] M. B. Plenio and S. F. Huelga, New J. Phys. 10, 113019 (2008).

[15] E. Caruso, A. W. Chin, A. Datta, S. F. Huelga, and M. B. Plenio,
J. Chem. Phys. 131, 105106 (2009).

[16] A. W. Chin, J. Prior, R. Rosenbach, F. Caycedo-Soler, S. F.
Huelga, and M. B. Plenio, Nat. Phys. 9, 113 (2013).

[17] A. Ishizaki, T. R. Calhoun, G. S. Schlau-Cohen, and G. R.
Fleming, Phys. Chem. Chem. Phys. 12, 7319 (2010).

[18] S.Jang, Y.-C. Cheng, D. R. Reichman, and J. D. Eaves, J. Chem.
Phys. 129, 101104 (2008).

[19] S.Jang, J. Chem. Phys. 131, 164101 (2009).

[20] D.P. S. McCutcheon, N. S. Dattani, E. M. Gauger, B. W. Lovett,
and A. Nazir, Phys. Rev. B 84, 081305 (2011).

[21] E. N. Zimanyi and R. J. Silbey, Phil. Trans. R. Soc. A 370, 3620
(2012).

[22] A. Ishizaki and G. R. Fleming, J. Chem. Phys. 130, 234111
(2009).

[23] J. Strumpfer and K. Schulten, J. Chem. Phys. 131, 225101
(2009).

[24] A. Ishizaki and G. R. Fleming, Proc. Natl. Acad. Sci. USA 106,
17255 (2009).

[25] G.-Y. Chen, N. Lambert, C.-M. Li, Y.-N. Chen, and F. Nori,
Phys. Rev. E 88, 032120 (2013).

PHYSICAL REVIEW E 89, 042147 (2014)

[26] E. J. G. Peterman, T. Pullerits, R. van Grondelle, and H. van
Amerongen, J. Phys. Chem. B 101, 4448 (1997).

[27] E. J. G. Peterman, H. van Amerongen, R. van Grondelle,
and J. P. Dekker, Proc. Natl. Acad. Sci. USA 95, 6128
(1998).

[28] M. Wendling, T. Pullerits, M. A. Przyjalgowski, S. I. E. Vulto,
T.J. Aartsma, R. van Grondelle, and H. van Amerongen, J. Phys.
Chem. B 104, 5825 (2000).

[29] A. Rivas, S. F. Huelga, and M. B. Plenio, Phys. Rev. Lett. 105,
050403 (2010).

[30] U. Ermler, G. Fritzsch, S. K. Buchanan, and H. Michel, Structure
2,925 (1994).

[31] A.Zouni, H.-T. Witt, J. Kern, P. Fromme, N. Krauss, W. Saenger,
and P. Orth, Nature 409, 739 (2001).

[32] K. N. Ferreira, T. M. Iverson, K. Maghlaoui, J. Barber, and
S. Iwata, Science 303, 1831 (2004).

[33] R. E. Fenna and B. W. Matthews, Nature 258, 573 (1975).

[34] Y.-F. Li, W. Zhou, R. E. Blankenship, and J. P. Allen, J. Mol.
Biol. 271, 456 (1997).

[35] J. Koepke, X. Hu, C. Muenke, K. Schulten, and H. Michel,
Structure 4, 581 (1996).

[36] X. Hu, A. Damjanovié, T. Ritz, and K. Schulten, Proc. Natl.
Acad. Sci. USA 95, 5935 (1998).

[37] D. Beljonne, C. Curutchet, G. D. Scholes, and R. J. Silbey,
J. Phys. Chem. B 113, 6583 (2009).

[38] M. Sarovar, A. Ishizaki, G. R. Fleming, and K. B. Whaley, Nat.
Phys. 6, 462 (2010).

[39] A. Nazir, Phys. Rev. Lett. 103, 146404 (2009).

[40] K. J. van Wijk, Plant Physiol. Biochem. 42, 963 (2004).

[41] G. Friso, L. Giacomelli, A. J. Ytterberg, J.-B. Peltier,
A. Rudella, Q. Sun, and K. J. van Wijk, Plant Cell 16, 478
(2004).

[42] T. Kleffmann, M. Hirsch-Hoffmann, W. Gruissem, and
S. Baginsky, Plant Cell Physiol. 47, 432 (2006).

[43] J. Pieper, J. Voigt, and G. J. Small, J. Phys. Chem. B 103, 2319
(1999).

[44] V. 1. Novoderezhkin and R. van Grondelle, Phys. Chem. Chem.
Phys. 12, 7352 (2010).

[45] H.-P. Breuer, E.-M. Laine, and J. Piilo, Phys. Rev. Lett. 103,
210401 (2009).

[46] M. Wolf and J. Cirac, Comm. Math. Phys. 279, 147 (2008).

[47] M. M. Wolf, J. Eisert, T. S. Cubitt, and J. I. Cirac, Phys. Rev.
Lett. 101, 150402 (2008).

[48] A.Jamiotkowski, Rep. Math. Phys. 3, 275 (1972).

[49] M.-D. Choi, Linear Algebra Appl. 10, 285 (1975).

[50] W. K. Wootters, Phys. Rev. Lett. 80, 2245 (1998).

042147-7


http://dx.doi.org/10.1073/pnas.74.8.3377
http://dx.doi.org/10.1073/pnas.74.8.3377
http://dx.doi.org/10.1073/pnas.74.8.3377
http://dx.doi.org/10.1073/pnas.74.8.3377
http://dx.doi.org/10.1063/1.476212
http://dx.doi.org/10.1063/1.476212
http://dx.doi.org/10.1063/1.476212
http://dx.doi.org/10.1063/1.476212
http://dx.doi.org/10.1016/S0301-0104(01)00540-7
http://dx.doi.org/10.1016/S0301-0104(01)00540-7
http://dx.doi.org/10.1016/S0301-0104(01)00540-7
http://dx.doi.org/10.1016/S0301-0104(01)00540-7
http://dx.doi.org/10.1529/biophysj.105.079483
http://dx.doi.org/10.1529/biophysj.105.079483
http://dx.doi.org/10.1529/biophysj.105.079483
http://dx.doi.org/10.1529/biophysj.105.079483
http://dx.doi.org/10.1063/1.3155214
http://dx.doi.org/10.1063/1.3155214
http://dx.doi.org/10.1063/1.3155214
http://dx.doi.org/10.1063/1.3155214
http://dx.doi.org/10.1063/1.3498901
http://dx.doi.org/10.1063/1.3498901
http://dx.doi.org/10.1063/1.3498901
http://dx.doi.org/10.1063/1.3498901
http://dx.doi.org/10.1126/science.1142188
http://dx.doi.org/10.1126/science.1142188
http://dx.doi.org/10.1126/science.1142188
http://dx.doi.org/10.1126/science.1142188
http://dx.doi.org/10.1038/nature05678
http://dx.doi.org/10.1038/nature05678
http://dx.doi.org/10.1038/nature05678
http://dx.doi.org/10.1038/nature05678
http://dx.doi.org/10.1073/pnas.1005484107
http://dx.doi.org/10.1073/pnas.1005484107
http://dx.doi.org/10.1073/pnas.1005484107
http://dx.doi.org/10.1073/pnas.1005484107
http://dx.doi.org/10.1146/annurev.physchem.040808.090259
http://dx.doi.org/10.1146/annurev.physchem.040808.090259
http://dx.doi.org/10.1146/annurev.physchem.040808.090259
http://dx.doi.org/10.1146/annurev.physchem.040808.090259
http://dx.doi.org/10.1038/nphys2474
http://dx.doi.org/10.1038/nphys2474
http://dx.doi.org/10.1038/nphys2474
http://dx.doi.org/10.1038/nphys2474
http://dx.doi.org/10.1080/00405000.2013.829687
http://dx.doi.org/10.1080/00405000.2013.829687
http://dx.doi.org/10.1080/00405000.2013.829687
http://dx.doi.org/10.1080/00405000.2013.829687
http://dx.doi.org/10.1088/1367-2630/10/11/113019
http://dx.doi.org/10.1088/1367-2630/10/11/113019
http://dx.doi.org/10.1088/1367-2630/10/11/113019
http://dx.doi.org/10.1088/1367-2630/10/11/113019
http://dx.doi.org/10.1063/1.3223548
http://dx.doi.org/10.1063/1.3223548
http://dx.doi.org/10.1063/1.3223548
http://dx.doi.org/10.1063/1.3223548
http://dx.doi.org/10.1038/nphys2515
http://dx.doi.org/10.1038/nphys2515
http://dx.doi.org/10.1038/nphys2515
http://dx.doi.org/10.1038/nphys2515
http://dx.doi.org/10.1039/c003389h
http://dx.doi.org/10.1039/c003389h
http://dx.doi.org/10.1039/c003389h
http://dx.doi.org/10.1039/c003389h
http://dx.doi.org/10.1063/1.2977974
http://dx.doi.org/10.1063/1.2977974
http://dx.doi.org/10.1063/1.2977974
http://dx.doi.org/10.1063/1.2977974
http://dx.doi.org/10.1063/1.3247899
http://dx.doi.org/10.1063/1.3247899
http://dx.doi.org/10.1063/1.3247899
http://dx.doi.org/10.1063/1.3247899
http://dx.doi.org/10.1103/PhysRevB.84.081305
http://dx.doi.org/10.1103/PhysRevB.84.081305
http://dx.doi.org/10.1103/PhysRevB.84.081305
http://dx.doi.org/10.1103/PhysRevB.84.081305
http://dx.doi.org/10.1098/rsta.2011.0204
http://dx.doi.org/10.1098/rsta.2011.0204
http://dx.doi.org/10.1098/rsta.2011.0204
http://dx.doi.org/10.1098/rsta.2011.0204
http://dx.doi.org/10.1063/1.3155372
http://dx.doi.org/10.1063/1.3155372
http://dx.doi.org/10.1063/1.3155372
http://dx.doi.org/10.1063/1.3155372
http://dx.doi.org/10.1063/1.3271348
http://dx.doi.org/10.1063/1.3271348
http://dx.doi.org/10.1063/1.3271348
http://dx.doi.org/10.1063/1.3271348
http://dx.doi.org/10.1073/pnas.0908989106
http://dx.doi.org/10.1073/pnas.0908989106
http://dx.doi.org/10.1073/pnas.0908989106
http://dx.doi.org/10.1073/pnas.0908989106
http://dx.doi.org/10.1103/PhysRevE.88.032120
http://dx.doi.org/10.1103/PhysRevE.88.032120
http://dx.doi.org/10.1103/PhysRevE.88.032120
http://dx.doi.org/10.1103/PhysRevE.88.032120
http://dx.doi.org/10.1021/jp962338e
http://dx.doi.org/10.1021/jp962338e
http://dx.doi.org/10.1021/jp962338e
http://dx.doi.org/10.1021/jp962338e
http://dx.doi.org/10.1073/pnas.95.11.6128
http://dx.doi.org/10.1073/pnas.95.11.6128
http://dx.doi.org/10.1073/pnas.95.11.6128
http://dx.doi.org/10.1073/pnas.95.11.6128
http://dx.doi.org/10.1021/jp000077+
http://dx.doi.org/10.1021/jp000077+
http://dx.doi.org/10.1021/jp000077+
http://dx.doi.org/10.1021/jp000077+
http://dx.doi.org/10.1103/PhysRevLett.105.050403
http://dx.doi.org/10.1103/PhysRevLett.105.050403
http://dx.doi.org/10.1103/PhysRevLett.105.050403
http://dx.doi.org/10.1103/PhysRevLett.105.050403
http://dx.doi.org/10.1016/S0969-2126(94)00094-8
http://dx.doi.org/10.1016/S0969-2126(94)00094-8
http://dx.doi.org/10.1016/S0969-2126(94)00094-8
http://dx.doi.org/10.1016/S0969-2126(94)00094-8
http://dx.doi.org/10.1038/35055589
http://dx.doi.org/10.1038/35055589
http://dx.doi.org/10.1038/35055589
http://dx.doi.org/10.1038/35055589
http://dx.doi.org/10.1126/science.1093087
http://dx.doi.org/10.1126/science.1093087
http://dx.doi.org/10.1126/science.1093087
http://dx.doi.org/10.1126/science.1093087
http://dx.doi.org/10.1038/258573a0
http://dx.doi.org/10.1038/258573a0
http://dx.doi.org/10.1038/258573a0
http://dx.doi.org/10.1038/258573a0
http://dx.doi.org/10.1006/jmbi.1997.1189
http://dx.doi.org/10.1006/jmbi.1997.1189
http://dx.doi.org/10.1006/jmbi.1997.1189
http://dx.doi.org/10.1006/jmbi.1997.1189
http://dx.doi.org/10.1016/S0969-2126(96)00063-9
http://dx.doi.org/10.1016/S0969-2126(96)00063-9
http://dx.doi.org/10.1016/S0969-2126(96)00063-9
http://dx.doi.org/10.1016/S0969-2126(96)00063-9
http://dx.doi.org/10.1073/pnas.95.11.5935
http://dx.doi.org/10.1073/pnas.95.11.5935
http://dx.doi.org/10.1073/pnas.95.11.5935
http://dx.doi.org/10.1073/pnas.95.11.5935
http://dx.doi.org/10.1021/jp900708f
http://dx.doi.org/10.1021/jp900708f
http://dx.doi.org/10.1021/jp900708f
http://dx.doi.org/10.1021/jp900708f
http://dx.doi.org/10.1038/nphys1652
http://dx.doi.org/10.1038/nphys1652
http://dx.doi.org/10.1038/nphys1652
http://dx.doi.org/10.1038/nphys1652
http://dx.doi.org/10.1103/PhysRevLett.103.146404
http://dx.doi.org/10.1103/PhysRevLett.103.146404
http://dx.doi.org/10.1103/PhysRevLett.103.146404
http://dx.doi.org/10.1103/PhysRevLett.103.146404
http://dx.doi.org/10.1016/j.plaphy.2004.10.015
http://dx.doi.org/10.1016/j.plaphy.2004.10.015
http://dx.doi.org/10.1016/j.plaphy.2004.10.015
http://dx.doi.org/10.1016/j.plaphy.2004.10.015
http://dx.doi.org/10.1105/tpc.017814
http://dx.doi.org/10.1105/tpc.017814
http://dx.doi.org/10.1105/tpc.017814
http://dx.doi.org/10.1105/tpc.017814
http://dx.doi.org/10.1093/pcp/pcj005
http://dx.doi.org/10.1093/pcp/pcj005
http://dx.doi.org/10.1093/pcp/pcj005
http://dx.doi.org/10.1093/pcp/pcj005
http://dx.doi.org/10.1021/jp984460e
http://dx.doi.org/10.1021/jp984460e
http://dx.doi.org/10.1021/jp984460e
http://dx.doi.org/10.1021/jp984460e
http://dx.doi.org/10.1039/c003025b
http://dx.doi.org/10.1039/c003025b
http://dx.doi.org/10.1039/c003025b
http://dx.doi.org/10.1039/c003025b
http://dx.doi.org/10.1103/PhysRevLett.103.210401
http://dx.doi.org/10.1103/PhysRevLett.103.210401
http://dx.doi.org/10.1103/PhysRevLett.103.210401
http://dx.doi.org/10.1103/PhysRevLett.103.210401
http://dx.doi.org/10.1007/s00220-008-0411-y
http://dx.doi.org/10.1007/s00220-008-0411-y
http://dx.doi.org/10.1007/s00220-008-0411-y
http://dx.doi.org/10.1007/s00220-008-0411-y
http://dx.doi.org/10.1103/PhysRevLett.101.150402
http://dx.doi.org/10.1103/PhysRevLett.101.150402
http://dx.doi.org/10.1103/PhysRevLett.101.150402
http://dx.doi.org/10.1103/PhysRevLett.101.150402
http://dx.doi.org/10.1016/0034-4877(72)90011-0
http://dx.doi.org/10.1016/0034-4877(72)90011-0
http://dx.doi.org/10.1016/0034-4877(72)90011-0
http://dx.doi.org/10.1016/0034-4877(72)90011-0
http://dx.doi.org/10.1016/0024-3795(75)90075-0
http://dx.doi.org/10.1016/0024-3795(75)90075-0
http://dx.doi.org/10.1016/0024-3795(75)90075-0
http://dx.doi.org/10.1016/0024-3795(75)90075-0
http://dx.doi.org/10.1103/PhysRevLett.80.2245
http://dx.doi.org/10.1103/PhysRevLett.80.2245
http://dx.doi.org/10.1103/PhysRevLett.80.2245
http://dx.doi.org/10.1103/PhysRevLett.80.2245



