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The dynamics of a dimer coupled to two different environments, each in a spin star configuration under
the influence of decoherence, is studied. The exact analytical expression for the transition probability in
the dimer system is obtained for different situations, i.e., independent and correlated environments. In all
cases considered, it is shown that there exist well-defined ranges of parameters for which decoherent
interaction with the environment assists energy transfer in the dimer system. In particular, we find that
correlated environments can assist energy transfer more efficiently than separate baths.
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The processes of energy and information transfer in
quantum networks play an important role for quantum
communication and quantum computation. In realistic
physical situations, the unavoidable interaction with the
environment leads to decoherence and dissipation, which
typically play a coherence-destructive role [1]. However,
recently, ultrafast spectroscopic techniques have been
claimed to reveal long-lasting quantum coherence in bio-
logical systems, including the photosynthetic light-
harvesting complexes of a species of green sulfur bacteria
[2,3], a species of purple bacteria [4], and two species of
marine cryptophyte algae [5]. Pigment-protein light-
harvesting antennas in the photosynthetic complex transfer
excitonic energy rapidly and efficiently [6] through a series
of electronic excitations to the reaction center [7]. The
efficiency of the energy transfer through the network of
chromophores and the evidence of quantum coherence
have led to discussion about the role of the environment
in the quantum transfer process and the degree to which it
may contribute to the transport efficiency.

It has been shown that, in a simple model of an aggregate
of monomers interacting through dipole-dipole forces with
realistic coupling strengths, quantum and classical coher-
ent transport are comparable [8]. At the same time, there is
much activity proposing mechanisms for environment-
assisted excitonic energy transport in quantum networks,
including those under the broad headings of noise-assisted
transport [9] and oscillation-enhanced transport [10]. The
possibility that quantum entanglement may enhance trans-
port has also been discussed [11].

Modeling the complexity of the environment is a chal-
lenge [12]. The protein-solvent environment interacts
strongly with the pigments due to its polarity and as a result
can have a significant effect on the quantum dynamics [13],
which will therefore in general be non-Markovian [14].
Such non-Markovian effects have widely been taken into
account [14,15], but so far, all have been within spin-boson
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models of excitons within a protein medium. Any biological
system is always in contact with a bosonic environment.
However, the interaction with a more structured environ-
ment such as a spin bath is more likely to assist quantum
efficiency. Spin baths are natural candidates because the
reduced dynamics which they induce are intrinsically non-
Markovian [16] and the relevance of the electron-nuclear
spin interactions in photosynthesis (especially in reaction
center dynamics) has been recognized for a long time [17].

In this Letter, we are going to study the simplest elec-
tronic energy transfer system, namely, a dimer coupled
to a spin bath. The Hamiltonian of the dimer is given by
H,;= g [1)X1] + &,|2)2| + J(|1)(2] +[2)(1]), where &; are
the energy levels of the dimer and J is the amplitude of
transition. It is well-known that, in the absence of an
environment, if the initial excitation is in level 1, then the
maximum of the probability of transition to level 2,
[P,_,(1)], will be given by Max[P,_,()] = J?>/(J* +
A?), where A is half of the energy difference between the
levels of a dimer [A = (g, — £;)/2]. This means that, only
in the case &; = &,, we can say that excitation is trans-
ferred with certainty [P,_,(¢,) = 1] at the time moment
to = r/2J. In all other cases (g, # &,), the probability of
transition is always smaller than 1. The aim of this paper is
to show that, in a generic case (g1 # &,), for a dimer in
contact with two spin environments, decoherence can en-
hance energy transfer.

For the sake of simplicity and exact solvability, the
environment to which the dimer couples will be modeled
as a bath of independent spins 1/2 in a spin star configu-
ration [16]. Figure 1 depicts the dimer in contact with the
two baths. Thus, the Hamiltonian of the total system has
the following form:

H - Hd + HB] + I'IB2 + HdBl + Hde.
As it was mentioned above, each environment B; consists

of N; particles (i = 1, 2) with spin 1/2:
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FIG. 1. Scheme of the dimer coupled to two decoherent envi-
ronments in a spin star configuration. A dimer has energy levels
e # &, and amplitude of transition probability J. Each level of
the dimer [1) and |2) is in contact with a bath of spins with
coupling constants y; and 7,, respectively. The dashed double
arrow denotes the possibility of correlations between the baths

through the Ising-like interaction Y ,, 0% ™2 with strength q.

N; O.IZc,i
Hp, = a; Z ’
k=1

2
where g% are the well-known Pauli matrices. The deco-
herent interaction between the dimer and the baths is
described by

k,i
o
5’

N;
Hyg, = iliXil
k=1

where y; denotes the strength of the interaction of the
system with the bath. For a spin bath in such a configura-
tion, it is convenient to define collective spin operators:

N;

k,i
-3
i 2 .
k=1

In this notation, the total Hamiltonian can be written in the
form

2
H = J(IDQI+ 12X1D) + Y (e liil + ;87 + y,li)ilS?).
i=1

For the description of the dimer system, we express the
projectors |7){j| through the Pauli matrices, i.e.,

ag

1, — 1, + o
ar=22% e = 2%

2 b
[2)X1] = o™.

Thus, the total Hamiltonian can be written in the following
form:

€7 &1 715? - 7255
2 2

H = 6(55, S5)1, + ( )0’Z +Jo,.

Let us first consider the simplest special case of both
environments at zero temperature. Obviously, in this case,
in both reservoirs all spins are in the ground state. Hence,
the initial state of the bath is a pure state and is described
by the following wave function:

Ny _&>®

W) = | F -3

Ny N2>
27 2/f

where the vector |j, m) denotes the well-known eigenvec-
tors of the angular momentum operator,

§21j,m) = j(G + Dlj, m),

and S =87+ S;+582, for j=0,...,N/2 and m =

ny VRO U &
Using the fact that the Hamiltonian of the reservoirs Hp,
commutes with the Hamiltonian of the interaction Hgyp,,

S.1j, m)y = mlj, m),

the state of the system will be always of the form
2
|\I’T0tal(t)> = Z Ci(t)|i> ® |\I,B(0)>
i=1

We assume that, at time r = 0, the excitation is in level 1 of
the dimer, i.e., ¢;(0) = 1 and ¢,(0) = 0. The correspond-
ing Schrodinger equation can be easily integrated, and the
probability of transition given by the dynamics of the
coefficient |c,(f)|? is found to be

J2
Pi_y(1) = ler(n)]> = msinz(t\/ﬂ + A2),

where

A=B2"%1 YiN, — 72N2‘
2 4

It is obvious now that, for specially chosen parameters of
the baths (y; or N,), it is possible to compensate for the
energy difference between two levels of the dimer, such
that A = 0 and Max[P,_,(r)] = 1, namely, by setting

&1~ & _ YiNi — 7N,
2 4 '

This implies a very simple mechanism of increasing the
probability of transition in the dimer.

Our main interest, of course, is in the generic case of the
dimer coupled to baths at nonzero temperatures. In this
case, the initial state of the bath is given by the canonical
distribution

2
1 :
pB(O) = l_[ Zeilgais‘.)

i=1"1

where Z; is the partition function of the corresponding
bath,
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B is the inverse temperature, and v(N,, j;) denotes the
degeneracy of the spin bath [18,19].

Using the commutativity of the Hamiltonian of interac-
tion Hyp, and the total Hamiltonian H, it is possible to
show that, in the non-zero-temperature case, the transition
probability is

Py (1) =Trg[2lU DI 1) p0)1 U1 T]2)]
L L L& uNy )N, o))

— s Yy 3 M

J1=0m == p=0my=—j, 1y,

X sin?(t4/J? + A2

e~ Barm=Baym,
my,ny ’

where A, . is given by

&7 & Y —
Amm === "

In Fig. 2, the probability of transition in the dimer
system as a function of time and coupling constant is
presented. In this case, only the upper level of the dimer
is coupled to a spin bath with coupling constant y, = . In
Fig. 2(a), we show the results for a spin bath at 77 K,
whereas, in Fig. 2(b), the temperature of the bath is 300 K.
For both bath temperatures, one can see that the maximum
of the probability of transition is achieved for a nonvanish-
ing interaction with the spin environment. The transfer of
energy is enhanced when the bath configurations that
contribute to the decrease of the distance between the
levels of the dimer prevail. The increased transition rate
occurs on time scales of the order of a few hundred femto-
seconds, which corresponds to experimental observation
[2,3] and theoretical predictions [20]. This means that, not
only at zero temperature, but also in more realistic cases,
decoherence assists the energy transfer in the dimer system
for the class of models which we are considering here.

The spin bath model allows us to investigate analytically
the influence of the correlation between environments on
the probability of transition. To this end, we introduce an
Ising-type interaction between environments with strength
g, so that the bath Hamiltonian Hp assumes the following
form:

Y2y

In the special case of environments that are correlated
and at zero temperature, it is easy to see that the probability
of transition is simply given by

J2 12 2 2
= s sin(ty) 2 + AD),

Pi_y(1) 1A
0

P 1,2(8) (a)

0 2 4 6 8 10 12 14
v [ps™']

P152(0) (b)

t [ps]
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¥ Ips™

FIG. 2. Probability of transition P,_, () in the dimer system
with the upper level coupled to a spin bath (y; = 0) as a function
of time and the coupling constant to the spin bath (y, = ). The
temperature of the spin bath in Fig. 2(a) is 77 K, while, in Fig. 2(b),
it is 300 K. For both figures, the parameters are chosen to be
N, =20,a, =250 ps™',J=10ps ',ande, — &, =20 ps™ .

where

Aozszgsl

Y285 — 7185

+ (¥5(0) >

W5(0)).

The wave vector |W5(0)) denotes the initial state of the
bath; in this particular case (zero-temperature), it would be
the ground state of the Hamiltonian Hp. Because of the
interaction between baths, the ground state of the
Hamiltonian Hy will depend on parameters «, a5, and ¢
of the Hamiltonian Hy. We have shown that the state vector
|¥5(0)) will be given by

-
N, _N N
N —71>® N~ 72> for ¢ < g,
N, _N N, N

|\I’B(O)>:' 71,_71>® 7,72> forq>q0, a1>a2,
N, N N, _N
7‘7‘>® 72—72> for g > qg, a; < ay,

\
where gy = 2M1n(“l “2) In the case of degeneracy of the

parameters, e.g., ¢ = o Or & = a,, one should take the
normalized linear combination of the corresponding
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ground states. For example, if ¢ > ¢y and a; = «,, then
the ground state will be given by

N N N, N
(o) = cost | 3.~ S @ |52, 5)
. IN, N N N
4 ingei® _1_1>® _2__2>
sinfe ) > > )

where 0 = =mand 0 = ¢ <27

One can easily formulate conditions under which the
interaction with the baths will assist transitions in the
system (Ao = 0), namely,

B (yiN1 —vaN,)/4  forg<qy,
———={ —(7IN; +v2N,)/4 forg>qo, a; > a5, £, <8,
(yiN1 +7v2N,) /4 forg>qo, ay<a,, e,>&.
In the most general case considered here, i.e., correlated

environments at nonzero temperature, the probability of
transition is found to be

1 Ni/2 0 i N2 )y

Pa-13 $ S

I1=0m==jy jp=0my=—j,

v(Ny, j)v(Ny, jo)J?
J2+A;

my,my

X Sinz(t ‘]2 + A%’ll:mg)e_'galml_ﬁazmz_ﬂqmlmzx

where A, . is given by

& — &1 | YoMy — Y1y
Bppymy = =5+ 5 :

Figure 3 addresses the question of the influence of
correlations between the environments on the energy trans-
fer in the non-zero-temperature case. It shows the maxi-
mum of the probability of transition as a function of the
coupling strengths and correlation parameters for two dif-
ferent bath temperatures: 77 K in Fig. 3(a) and 300 K in
Fig. 3(b). The introduction of correlations between the
baths results in an increase in the probability of transition
in a well-defined region of the coupling parameter.
Interestingly, in the case of higher temperatures, a stronger
correlation between the baths is required to observe an
increase of the probability of transition. For both tempera-
tures, the maximum of the transition probability was found
on time scales of the order of few hundreds of femto-
seconds. It is important to stress that, for the simple model
considered here, the maximum of the transition probability
reaches 99% at 77 K and 88% at 300 K.

In conclusion, in this Letter, we have investigated the
possible relevance of a spin environment in assisting en-
ergy transfer in a dimer system. Even for a very simple
model with biologically applicable parameter ranges and
time scales, it is found that the transition probability in the
dimer is dramatically increased. In particular, we have
demonstrated that, for this class of models, correlations
between the environments contribute to the increase of the
quantum efficiency of transport. Interestingly, for a dimer

Max[P1,2(0)]1(y,q) (a)

100
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qlps™']
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0 I 3 i : =
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y [ps7!]

Max[P1,2(6)]1(y,9) (b)
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qps
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FIG. 3. Maximum of the probability of transition
Max[P,_,(7)] for a dimer coupled to two spin baths as a function
of the correlations g between the baths and the coupling
constants y; = y, = vy of the interaction with the baths in the
non-zero-temperature case. In Fig. 3(a), the temperature of the
baths is 77 K, while, in Fig. 3(b), it is 300 K. For both figures,

the parameters are N, =22, N, =20, a; = a, = 250 ps™ !,

J=10ps ! and e, — &, =20 ps~ .

coupled to two different baths, introducing correlations
between the baths improves quantum transport. These
promising results motivate further study of energy transfer
networks and more complex environmental models.

This Letter is based upon research supported by the
South African Research Chair Initiative of the
Department of Science and Technology and National
Research Foundation.
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