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Abstract

Technologies which convert light into energy, and vice versa, rely on complex,
microscopic transport processes in the condensed phase, which obey the laws of
quantum mechanics, but hitherto lack systematic analysis and modeling. Given
our much improved understanding of multicomponent, disordered, highly
structured, open quantum systems, this ‘focus on’ collection collects cutting-
edge research on theoretical and experimental aspects of quantum transport in
truly complex systems as defined, e.g., by the macromolecular functional
complexes at the heart of photosynthesis, by organic quantum wires, or even
photovoltaic devices. To what extent microscopic quantum coherence effects
can (be made to) impact on macroscopic transport behavior is an equally
challenging and controversial question, and this ‘focus on’ collection provides a
setting for the present state of affairs, as well as for the ‘quantum opportunities’
on the horizon.
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Modern societies are in urgent need of affordable and efficient energy technologies, and the Sun’s
light is arguably the most abundant resource available. Nature is using this supply by
photosynthesis with remarkable efficiency. With solar cells and light-emitting diodes, devices for
an efficient conversion of light into current and vice versa are available on a large scale. In all
these cases, energy conversion relies on complex, microscopic transport and recombination
processes in the condensed phase, which obey the laws of quantum mechanics. However, almost
exclusively, some sort of phenomenological, ‘hybrid’ quantum—classical approaches are used to
describe these devices or the recombination center of the photocycle. While recombination is
treated quantum mechanically, usually on the basis of Fermi’s golden rule, the interaction with a
thermal bath and disorder in the system is approximated by the Bose or Fermi distribution and an
inhomogeneous distribution of energy levels, respectively. This ‘focus on’ collection gathers
work taking the quantum mechanical description of quantum efficiency to a new and more
systematic level, including the effects of disordered systems with or without realistic coupling to a
heat bath, which have hitherto been too complex for systematic (quantum) analysis and modeling.

Given our much improved understanding of multicomponent, disordered, highly structured,
open quantum systems, the present ‘focus on’ collection brings together cutting-edge research on
theoretical and experimental aspects of quantum transport in truly complex systems as defined by,
e.g., the macromolecular functional complexes at the heart of photosynthesis [3, 6, 12, 14, 16], or
semiconductor (light-emitting) diodes [5, 7]. All these examples involve transport of quantum
particles or excitations as a crucial ingredient determining the efficiency of the respective system
or device. Since experiments on excitonic energy transport in photosynthetic light harvesting
complexes reported the existence of long coherence times [18, 19], the question of whether (or in
which way) the presence of quantum coherences is related to the high transport efficiency of these
complexes has been strongly debated.

As a first approach to this question, let us start out with the idealized case of an isolated—
and thus fully coherent—quantum system. In [2], an ensemble of disordered networks with
random coupling strengths between the various nodes is investigated as a model for coherent
excitation transport. Whereas most networks within the random ensemble give rise to destructive
interference on the output node—and thus rather low transport efficiency—the opposite is true for
specific (and on average more symmetric, see [2]) configurations leading to constructive
interference. These findings agree with the following general picture of coherent wave transport
in random media [17]: coherence reduces transport on average, due to enhanced backscattering
[10, 20, 21] and disorder-induced localization (e.g. Anderson localization [13, 22]), whereas, at
the same time, fluctuations around the average are increased [23], thus admitting the existence of
specific disorder realizations with exceptionally high transfer efficiency.

With respect to the biological systems or semiconductor devices mentioned above, this
picture of coherent transport needs to be supplemented by the inevitable influence of noise
induced by coupling to additional degrees of freedom such as phonons/vibrations or (e.g., for
photosynthetic light harvesting units) the surrounding protein scaffold and its interplay with
quantum coherent effects. In general, noise reduces coherence and thus enhances transport
since, as mentioned above, most molecular configurations give rise to predominantly
destructive quantum interference [24—26]. On the other hand, too much noise (e.g. dephasing
noise with a very large dephasing rate) may also have a localizing effect (‘quantum Zeno
effect’ [27]). Under these premises, there in general exists an optimal noise level that
maximizes the transport efficiency, as established in the theory of open, disordered quantum
systems [28]. When equipped with an additional switching mechanism between a nearly perfect
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light-harvesting state and a quenching state, efficiency and robustness of photosysthesis may
thus be ensured over a wide range of light intensities [14].

This ‘focus on’ collection contains several contributions that significantly expand our
understanding of noise effects in quantum transport efficiency. In particular, various novel
aspects of the intricate interplay between noise and quantum coherence in determining the
efficiency of transport at the optimal level of noise are discussed in [1, 6, 9, 13]. The relevance
of such an interplay is especially evident in view of the fact that, e.g. in light-harvesting
complexes, electronic degrees of freedom are typically strongly coupled to vibrational modes
[8]. In this case, a more accurate description of environmental effects will be obtained if the
separation between ‘system’ (i.e. electronic excitations) and ‘bath’ (remaining degrees of
freedom) is properly redefined, e.g., by including the most relevant vibrational modes into the
system Hamiltonian [3, 29] or employing a polaron transformation that mixes system and bath
degrees of freedom [9, 15]. The mechanisms by which dissipative dynamics generates
entanglement may furthermore lead to a better scaling of quantum metrology error with system
size [4]. Last but not least, our ‘focus on’ collection also contains new results on the modeling
of non-Markovian [11] or site-correlated [12] baths, which provide an additional degree of
freedom for the optimisation of transport efficiencies.

References’

[1] Caruso F 2014 Universally optimal noisy quantum walks on complex networks New J. Phys. 16 055015
[2] Zech T, Mulet R, Wellens T and Buchleitner A 2014 Centrosymmetry enhances quantum transport in
disordered molecular networks New J. Phys. 16 055002
[3] Schulze J, Torbjornsson M, Kiihn O and Pullerits T 2014 Exciton coupling induces vibronic hyperchromism
in light-harvesting complexes New J. Phys. 16 045010
[4] Benatti F, Alipour S and Rezakhani A T 2014 Dissipative quantum metrology in manybody systems of
identical particles New J. Phys. 16 015023
[5] Sakurai A and Tanimura Y 2014 Self-excited current oscillations in a resonant tunneling diode described by a
model based on the Caldeira-Leggett Hamiltonian New J. Phys. 16 015002
[6] Cleary L and Cao J 2013 Optimal thermal bath for robust excitation energy transfer in disordered light-
harvesting complex 2 of purple bacteria New J. Phys. 15 125030
[7] Kioupakis E, Yan Q, Steiauf D and van de Walle C G 2013 Temperature and carrier-density dependence of
Auger and radiative recombination in nitride optoelectronic devices New J. Phys. 15 125006
[8] Léonard J, Briand J, Fusi S, Zanirato V, Olivucci M and Haacke S 2013 Isomer-dependent vibrational
coherence in ultrafast photoisomerization New J. Phys. 15 105022
[9] Jang S, Berkelbach T C and Reichman D R 2013 Coherent quantum dynamics in donor-bridge-acceptor
systems: beyond the hopping and super-exchange mechanisms New J. Phys. 15 105020
[10] Scalia P S, Muskens O L and Lagendijk A 2013 Weak localization of photon noise New J. Phys. 15 105009
[11] Zhu L, Liu H and Shi Q 2013 A new method to account for the difference between classical and quantum
baths in quantum dissipative dynamics New J. Phys. 15 095020
[12] Pelzer K M, Fidler A F, Griffin G B, Gray S K and Engel G S 2013 The dependence of exciton transport
efficiency on spatial patterns of correlation within the spectral bath New J. Phys. 15 095019
[13] Moix J M, Khasin M and Cao J 2013 Coherent quantum transport in disordered systems: I. The influence of
dephasing on the transport properties and absorption spectra on one-dimensional systems New J. Phys. 15
085010

7 [1-16] refer to the present ‘focus on’ collection


http://dx.doi.org/10.1088/1367-2630/16/5/055015
http://dx.doi.org/10.1088/1367-2630/16/5/055002
http://dx.doi.org/10.1088/1367-2630/16/4/045010
http://dx.doi.org/10.1088/1367-2630/16/1/015023
http://dx.doi.org/10.1088/1367-2630/16/1/015002
http://dx.doi.org/10.1088/1367-2630/15/12/125030
http://dx.doi.org/10.1088/1367-2630/15/12/125006
http://dx.doi.org/10.1088/1367-2630/15/10/105022
http://dx.doi.org/10.1088/1367-2630/15/10/105020
http://dx.doi.org/10.1088/1367-2630/15/10/105009
http://dx.doi.org/10.1088/1367-2630/15/9/095020
http://dx.doi.org/10.1088/1367-2630/15/9/095019
http://dx.doi.org/10.1088/1367-2630/15/8/085010
http://dx.doi.org/10.1088/1367-2630/15/8/085010

New J. Phys. 16 (2014) 105021 A Buchleitner et al

[14] Chmeliov J, Valkunas L, Kriiger T P J, Ilioaia C and van Grondelle R 2013 Fluorescence blinking of single
major light-harvesting complexes New J. Phys. 15 085007

[15] Pollock F A, McCutcheon D P S, Lovett B W, Gauger E M and Nazir A 2013 A multi-site variational master
equation approach to dissipative energy transfer New J. Phys. 15 075018

[16] Kominis I K 2013 Quantum measurement corrections to CIDNP in photosynthetic reaction centers New J.
Phys. 15 075017

[17] Sheng P 2006 Introduction to Wave Scattering, Localization and Mesoscopic Phenomena (Berlin: Springer)

[18] Engel G, Calhoun T R, Read E L, Ahn T-K, Mancal T, Cheng Y C, Blankenship R E and Fleming G 2007
Evidence for wavelike energy transfer through quantum coherence in photosynthetic systems Nature 446
782-6

[19] Collini E, Wong C Y, Wilk K E, Curmi P M G, Brumer P and Scholes G D 2010 Coherently wired light-
harvesting in photosynthetic marine algae at ambient temperature Nature 463 644—7

[20] Kuga Y and Ishimaru A 1984 Retroreflectance from a dense distribution of spherical particles J. Opt. Soc.
Am. A 8 831

[21] Wolf P E and Maret G 1985 Weak localization and coherent backscattering of photons in disordered media
Phys. Rev. Lett. 55 2696

[22] Anderson P W 1958 Absence of diffusion in certain random lattices Phys. Rev. 109 1492

[23] Erdos P and Herndon R C 1982 Theories of electrons in one-dimensional disordered systems Adv. Phys.
3165

[24] Plenio M B and Huelga S F 2008 Dephasing-assisted transport: quantum networks and biomolecules New J.
Phys. 10 113019

[25] Rebentrost P, Mohseni M, Kassal I, Lloyd S and Aspuru-Guzik A 2009 Environment-assisted quantum
transport New J. Phys. 11 033003

[26] Scholak T, Mintert F, Wellens T and Buchleitner A 2010 Transport and Entanglement Semicond. Semimet.
831

[27] Ttano W M, Heinzen D J, Bollinger J J and Wineland D J 1990 Quantum Zeno effect Phys. Rev. A 41 2295

[28] Logan D E and Wolynes P 1987 Dephasing and Anderson localization in topologically disordered systems
Phys. Rev. B 36 4135

[29] Zhang W M, Meier T, Chernyak V and Mukamel S 1998 Exciton-migration and three-pulse femtosecond
optical spectroscopy of photosynthetic antenna complexes J. Chem. Phys. 108 7763


http://dx.doi.org/10.1088/1367-2630/15/8/085007
http://dx.doi.org/10.1088/1367-2630/15/7/075018
http://dx.doi.org/10.1088/1367-2630/15/7/075017
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/10.1038/nature08811
http://dx.doi.org/10.1038/nature08811
http://dx.doi.org/10.1038/nature08811
http://dx.doi.org/10.1364/JOSAA.1.000831
http://dx.doi.org/10.1103/PhysRevLett.55.2696
http://dx.doi.org/10.1103/PhysRev.109.1492
http://dx.doi.org/10.1080/00018738200101358
http://dx.doi.org/10.1088/1367-2630/10/11/113019
http://dx.doi.org/10.1088/1367-2630/11/3/033003
http://dx.doi.org/10.1016/B978-0-12-375042-6.00001-8
http://dx.doi.org/10.1103/PhysRevA.41.2295
http://dx.doi.org/10.1103/PhysRevB.36.4135
http://dx.doi.org/10.1063/1.476212

	References77[1&#x02013;16] refer to the present &#x02018;focus on&#x02019; collection



