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a b s t r a c t

In this work, we examine the process of the quantum transfer of energy considering time-dependent
dipole-dipole interaction in a dimer system characterized by two-level atom systems. By taking into
account the effect of the acceleration and speed of the atoms in the dimer coupling, we demonstrate that
the improvement of the probability for a single-excitation transfer energy extremely benefits from the
incorporation of atomic motion effectiveness and the energy detuning. We explore the relevance
between the population and entanglement during the time-evolution and show that this kind of nonlocal
correlation may be generated during the process of the transfer of energy. Our work may provide optimal
conditions to implement realistic experimental scenario in the transfer of the quantum energy.

� 2017 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The absorption of light energy by an atom is typically followed
by its electronic transition from the ground state to the excited
state. This electronic energy relocated to another nearby atom by
a process known as resonance energy transfer. The most favoring
spectral features for better capture of solar light and efficient res-
onance energy transfer occur when the spectral and spatial cross
section in a photosynthetic light-harvesting system is high [1–7].
The quantum transfer of energy between a donor atom (the one
that gets excited) to an acceptor atom is usually described by an
incoherent process. In this context, the energy transfer with the
impact of inter-atomic interaction in the framework of dipole-
dipole coupling is described using electronic coupling elements.
Coherent energy transfer, however, is considered as an interesting
period of photosynthesis, by which excitation energy get trans-
ferred efficiently from the photosensitizers (pigments) to the reac-

tion center as recently reported [8–14]. In general, the transfer of
energy via a network of pigments is a very complicated process.
To have an idea about the mechanism of light harvesting complex,
a simple model representing the light harvesting complex based on
a dimer system consists of a donor (the one excited) and an accep-
tor (the one photosensitized) is proposed. A number of both theo-
retical and experimental studies have been recently investigated
using the coherence in the transport of the quantum energy
[15,16]. Studies in multichromophoric quantum systems indicated
that exciton delocalization together with pure dephasing has been
considered as effective parameters in improving the efficiency of
quantum transfer [17,18]. On the other hand, the correlations
introduced by a bath in different site energies are shown to affect
the dephasing noise.

Recently, some experiments have been revealed the existence
of quantum processes that enjoy the coherence alive for a long
time in space ranges [19]. Especially, within the photosynthetic
processes in light-harvesting complex processes, a typical oscilla-
tory dynamics can include the quantum coherence. The result
obtained clarified that in the quantum systems of photosynthetic
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antenna the correlation may be eliminated in the dynamic pro-
cesses. The longest living of the quantum coherence alone, how-
ever, will not be suitable to get a high efficiency of quantum
energy transfer. Furthermore, the quantum coherence provides
an essential role in controlling the dynamical properties of a sys-
tem dynamics, considering dissipative and phase damping, and
its populations of excitation in a given quantum state.

As known that the entanglement is one of the most promising
phenomena in quantum technology, which proposed the nonlocal
correlations between different physical systems [20–28]. In this
way the investigation of entanglement as the main type of quan-
tum correlation and its outcomes of quantum measurements led
to understand and solve different physical problems [29,30]. More
recently, the development of quantum information processing
(QIP) has been provided rise to a large knowledge and also aug-
mented the literature of entanglement phenomenon, which has
performed the optimal tasks of QIP and quantum metrology [31–
37]. The significance of entanglement in different applications
has led to analysis and investigation of high-dimensional quantum
systems and bring the new role of this kind of correlation in many-
particle quantum systems [38].

Understanding the very fundamental mechanism responsible
for high-efficiency energy transfer in photosynthesis is expected
to lead to both fundamental and practical implications. Our results
reported recently on a single-excitation energy transfer have
shown that the enhancement probability for this process benefits
well from the photon-number transition, energy detuning, classi-
cality of the field and time-dependent coupling effect for a dimer
system displayed by two-level systems (TLSs) interacting with a

cavity field [39]. In this paper, a model that almost describes a real-
istic experimental scenario based on an atom-atom interaction will
be adapted to study the acceleration and speed effects in the inter-
action between the pigments. We consider the coupling term as a
sinusoidal function of a second degree of the time. In a single exci-
tation from a donor to an acceptor where each one is modeled by a
TLS, the coupling effect, and energy frequencies, whichmight affect
the efficiency of the coherent energy transfer will be explored in
details. This form of the coupling term could include the accelera-
tion and speed effects of the TLSs on the physical quantities during
the process of the energy transfer. Additionally, the dynamical
behavior of the entanglement of the pigment states through the
energy transfer process will be investigated.

This paper is structured as follows. In Section ‘Model of the
physical system’, we present the formalism that describes the
model of the quantum transfer energy in the framework of time-
dependent dipole-dipole interaction and showing the dependence
of the physical parameters on the population dynamics for a
single-excitation and entanglement in the dimer system. In Sec-
tion ‘Result and discussions’, we present the numerical results
and explain the physical phenomena that can be observed in the
framework of the atomic motion. Finally, some conclusions are
given in Section ‘Conclusion’.

Model of the physical system

Thus, a dimer system with its dipole-dipole interaction and
time-dependent coupling effect is the undertaken physical system.

Fig. 1. The probability to get the acceptor in an excited state as a function of the scaled time ft. Fig. 1(a) presents the case of resonancexd ¼ 0 and Fig. 1(b) is corresponds to
the case of the energy detuning xd ¼ 1. The solid red line is for the time-dependent coupling kðtÞ ¼ n sinðt2 þ tÞ, the dashed black line is for the time-dependent coupling
kðtÞ ¼ n cosðt2 þ tÞ, and the dashed-dotted blue is for the time-dependent coupling kðtÞ ¼ n sin2ðt2 þ tÞ. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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