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Executive summary

T

his Research and Innovation Roadmap
provides an outlook on the field of
nanoscale quantum optics (NQO)
including both basic science and applications,
targeting researchers from academia and
industry as well as decision makers in the
public and private sectors. It has been
prepared by the European Cooperation in
Science and Technology (COST) Action MP1403
“Nanoscale Quantum Optics”, taking into
account discussions at working-group
meetings, the recent progress and feedback
from all members. The Roadmap is organized
into four focus areas:
l Generation, detection, manipulation and
storage of quantum states of light at the
nanoscale
l Nonlinearities and ultrafast processes in
nanostructured media

Nanoscale quantum coherence
l Cooperative effects, correlations and
many-body physics tailored by strongly
confined optical fields
In each area, the relevant topics are
discussed emphasizing implications and
challenges for basic science and applications,
providing clear evidence that the combination
of quantum optics with nanophotonics is
valuable for information & communication
technology (ICT), sensing & metrology, and
energy efficiency.
Nanophotonics can highly concentrate optical
fields and enhance light-matter interaction by
orders of magnitude. Therefore typical
applications are devices that rely on efficient
light-matter interaction such as photovoltaic
cells, photodetectors and sensors. The
combination of these advantages with quantum
l
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Figure 1. Nanoscale quantum optics: basic research and applications. Relevance of the proposed topics for basic research (100%),
ICT (71%), sensing & metrology (57%) and energy efficiency (51%). 100% means that all topics discussed in this roadmap are relevant.
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optics opens up even more potential for the
development of new technologies. For instance,
in the first focus area applications for singlephoton sources are numerous. Even though ICT
is historically the one put forward for quantum
computation and communications, several
other areas are now involved, like sensing for
potential everyday applications (sensitive
imaging) and more fundamental studies
(single-photon interferometers), as well as
metrology, e.g. for calibration. On the other
hand, it is evident that the performances of
single-photon sources would not be adequate
for applications without the improvements
made possible by nanophotonics. In the second
area, nonlinear optical phenomena form the
basis for coherent control, signal switching
and entangled photon generation. Downscaling
to the nanoscale is required to attain highly

integrated quantum technologies (QT).
Moreover, nanoscale spatial resolution
expands significantly the applicability of
nonlinear coherent spectroscopies.
Considering the third area, the coherent
manipulation and detection of individual spins
in nanoscale solid-state systems plays an
important role for quantum sensing and
quantum computation. On the other hand, the
investigation of coherent energy transport at
the nanoscale contributes to the understanding
of efficient energy harvesting. In the last and
fourth focus area, the investigation of manybody physics in nanophotonic systems could
open the pathway to novel platforms for
quantum simulations. These and more
examples on the wide implications of NQO are
presented in the Roadmap.
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The COST Action MP1403
Nanoscale Quantum Optics

Figure 2. Nanoscale quantum optics in a nutshell. Controlling light-matter interaction at the quantum level by coupling a quantum
system with the near field of an optical nanostructure.

T

6

he European Cooperation in Science and
Technology (COST) Action MP1403
promotes and coordinates forefront
research activities in nanoscale quantum optics
(NQO). Since the Kickoff Workshop (Belgrade,
9–10 April 2015), it has connected about 500
scientists working on quantum physics,
nanophotonics and spectroscopy. The
dimensions of the Action have been growing
also in terms of institutions, companies, and
countries. With 28 COST Countries, 6
Institutions in 3 Near-Neighbour Countries and
13 Institutions in 9 International Partner
Countries, the Action has reached a significant
geographical coverage and has become a
reference for scientists and engineers working
at the interface between quantum physics and
nanoscale optics. The goal is now to reach a
more balanced participation from members in
the different COST Countries and improve

00_00_NQO_Roadmap_Pages.indd 6

inclusiveness, for example by increasing the
number of Short-Term Scientific Missions
(STSMs) involving Inclusiveness Target
Countries (ITCs). The scientific work plan,
organized in four working groups
corresponding to the four focus areas outlined
in the Roadmap, has made much progress on
topics of interest for quantum technologies
(QT). For example, research on single-photon
sources and superconductive-nanowire singlephoton detectors has been very active. The
Action has already made an impact in terms of
topical events, high-quality publications, and
involvement of industry, patents and startups.
More challenging has been the acquisition of EU
funding, which reflects the poor success rate of
Horizon 2020 projects characterized by a
substantial basic research effort (e.g. Future
and Emerging Technologies [FET] Open and FET
Proactive, European Research Council).

15/06/2017 15:30

The Action will thus continue to work on an
approach that privileges focused actions, quality
and impact. Moreover, it will aim at further
strengthening cooperation with industry,
including startups, and at dissemination
activities targeting decision makers. The Action
has recently participated to public consultations,
contributed to the shaping of the flagship
initiative on QT, and has published a brochure
that outlines its Memorandum of Understanding
and the major objectives. Early stage
researchers (ESRs) have been supported by
STSMs and involved in the Action management.
Moreover, they have been given the opportunity
to organize workshops for ESRs. The Action is
preparing a collection of lectures on NQO and

will organize international PhD schools, with the
possibility of hands-on-training activities. With
regard to gender equality, the Action established
focus sessions that involved male and female
scientists at every meeting and carried out a
survey that resulted in a public report. This
effort was particularly useful to understand the
pivotal role of unconscious bias and to establish
a forum where people can discuss their issues
and opinions. Notwithstanding this, much still
has to be done in terms of increasing the number
of female scientists in the Action and to give
them more visibility in the networking events.
Public documents and reports of the Action are
freely available for download at www.cost-nqo.
eu/documents.
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Introduction

N

10

ovel and more sophisticated
technologies that exploit the laws of
quantum physics form a cornerstone for
the future wellbeing, economic growth and
security of Europe. Among these technologies,
photonic devices have gained a prominent
position because the absorption, emission,
propagation and storage of light are processes
that can be harnessed at the quantum level.
However, the interaction of photons with
single-quantum systems under ambient
conditions is typically very weak and difficult
to control in the solid state. Furthermore, there
are quantum phenomena occurring in matter at
nanometre-length scales and femtosecond
timescales that are currently not well
understood. These deficiencies have a direct
and severe impact on creating a bridge
between quantum physics and photonic
devices. Nano-optics and nanophotonics
precisely address the issue of controlling the
interaction between a few photons and tiny
amounts of matter in a large bandwidth, and
the ability to efficiently funnel light down to
nanoscale volumes.
Several research efforts funded by numerous
national and EU projects in the last decades
have already resulted into enormous progress in
quantum physics and quantum optics, and in
nano-optics and nanophotonics as well. The
COST Action “Nanoscale Quantum Optics” (NQO) is
the instrument to proactively increase the
interaction among the nanophotonics, quantum
optics and materials science communities and to
support them towards common objectives.
The grand vision is the development of new
ideas, novel materials, and innovative
techniques to control the interaction between
light and matter at will, even down to the level
of individual quanta. The potential
breakthroughs will have profound implications
in fields as diverse as classical and quantum

00_00_NQO_Roadmap_Pages.indd 10

information processing & communication,
sensing & metrology, light sources, and energy
harvesting.

Current state of knowledge
Research in NQO focuses on the development
of novel materials (e.g. graphene, silicene,
metamaterials) and optical devices (plasmonic
structures, nanofibres, photonic crystals,
optomechanical (OM) systems, superconducting
detectors, photonic integrated circuits) that
can facilitate and control strong quantum
light-matter interactions, and the advancement
of novel experimental methods that enable
quantum degrees of freedom (colour centres in
solids, quantum dots [QDs], ions, molecules,
neutral atoms) to be interfaced with these
systems. Prominent efforts include, but are not
limited to:
l QD devices to generate single and
entangled pairs of photons on demand
l Alternative materials for single-photon
sources include organic molecules, 2D
materials (e.g. hexagonal boron nitride)
and thin transition-metal dichalcogenides
l Novel devices such as nanoscale resonant
structures, plasmonic waveguides or
nanofibres to achieve efficient coupling of
single photons
l Novel fabrication techniques for diamondbased photonics, which can be used to
enhance optical coupling to individual
defect colour centres (such as the nitrogen
vacancy [NV] and silicon vacancy [SiV])
l Methods to trap cold neutral atoms to
nanophotonic systems, such as tapered
optical fibres, thus enabling a coherent
atom-nanophotonics quantum interface
l Active exploration of metamaterials and
graphene plasmonics as new platforms to
channel light and control their interactions
with quantum systems
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l

l

l

l

C hip-based OM systems have recently been
cooled to their quantum ground states:
coherent interactions between light and
phonons have been demonstrated, creating
new opportunities to use mechanical
systems to manipulate quantum light
Superconducting devices for single-photon
detection over a large wavelength range,
with high time resolution, efficiency and
photon number resolution
Photonic integrated circuits to control the
routing and interference of single photons
in communications and metrology systems
Strong light-matter coupling in high finesse
semiconductor microcavities allows creation
and manipulation of polariton condensates
on a chip with controlled interactions

Theoretical developments and experimental
implementations of novel protocols to use NQO
systems to generate nonclassical states and
utilize these states for diverse applications in
information processing, metrology, sensing,
etc., are extensively studied. NQO systems are
expected to have a disruptive impact, not only
because of performance advantage, but also
because they can be fabricated and integrated
in more flexible ways to access novel
parameter spaces that are not possible with
macroscopic systems. For instance:
l NV centres have been demonstrated to
serve as sensors of electric and magnetic
fields with nanoscale resolution and under
ambient conditions, which will have
significant applications in areas such as
bio and environmental sensing
l Protocols to realize single-photon
nonlinear optics and sources, quantum
state transfer, and hybrid coupling of
disparate quantum systems, also via
quantum optomechanics, are being actively
investigated
l Many promising techniques to realize
quantum gates for computing, entangle
quantum bits, and generate nonclassical
optical fields are being pursued in NQO
systems such as nanoscale cavities,
graphene, plasmonic waveguides, photonic
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integrated circuits and nanofibres
There is also attention on the development of
theoretical techniques to predict and
quantitatively understand the rich quantum
dynamics that emerges from strongly correlated
quantum systems, and to understand and
control the interaction of these quantum
systems with complex electromagnetic
environments. These efforts are critical both to
position NQO systems as potentially
groundbreaking quantum technologies (QT) and
to leverage these systems as “simulators” of
exotic quantum phenomena.
There has been increasing interest in the
exploration of quantum phenomena in
biological systems (e.g. energy transport in
light-harvesting complexes), the development
of advanced experimental techniques to
investigate them with high spatial and
temporal resolution, and the investigation of
bio-inspired artificial systems that exhibit
quantum effects (e.g. quantum simulators).
Furthermore, advances in these research areas
may have immediate technological implications
and be of interest to industry. For example:
l Highly efficient single-photon sources on
demand, photon-number-resolved
detectors, and photonic integrated systems
including passive power splitters and
wavelength filters would have impact in the
field of secure quantum communication
l The development of switches that operate at
few photon levels could drastically mitigate
the high energy required for optical
communication and computation in
supercomputers, and it would also play a
major role in the reduction of worldwide
energy requirements in information &
communication technology (ICT)
l Bio-inspired materials such as lightharvesting complexes could open new
routes towards efficient photovoltaic cells
l New approaches to single-molecule
detection and quantum-enhanced
measurements will expand sensor
capabilities, opening new scenarios
particularly within the fields of metrology,
security and safety

11
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Scientific and technological focus
Three major application areas already exhibit
clear evidence that the combination of
quantum optics with nanophotonics is
technologically valuable:
l ICT, e.g. to improve single-photon sources
and photon-number-resolved detectors for
secure communication as well as integrated
nanoscale quantum-optical solutions for ICT
l Sensing & metrology, e.g. nanosensors and
quantum-enhanced measurement devices
l Energy efficiency, e.g. development of new
solutions for photovoltaics and energy saving
At present, several universities as well as
public and private research laboratories
worldwide are conducting research to
introduce QT in these applications. However,
the roadmap towards compact and efficient
quantum devices still requires a substantial
basic-research approach.
We have thus identified four research
priorities that deal with problems and
limitations in the operation of existing QT, and
that may contribute to the discovery and
understanding of novel quantum phenomena
for future applications:
l Generation, detection, manipulation and
storage of quantum states of light at the
nanoscale
l Nonlinearities and ultrafast processes in
nanostructured media
l Nanoscale quantum coherence
l Cooperative effects, correlations and
many-body physics tailored by strongly
confined optical fields

12

The first two priorities will also target
technological aspects, such as performances
and integrability of quantum photonics
devices, whereas the other two include rather
exploratory activities. It is worth noting that
the topics involved are strongly related to
three of the Key Enabling Technologies (KETs)
recognized at the European level, i.e.
nanotechnology, photonics and advanced
materials, thus ensuring a synergic cross-KET
approach to important application fields.
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Moreover, to facilitate scientific exchange and
to establish a common playground, the
Roadmap encourages overlap between the four
research priorities, which will occur through
activities concerned with:
l Investigation of new materials and novel
photonic structures (e.g. graphene, silicene,
hybrid organic/inorganic, diamond
nanostructures, plasmonics structures,
semiconductor microcavities), and
innovative techniques to combine them
with quantum systems with a high and
reproducible precision (e.g. scanning-probe
techniques, two-step lithography, ion-beam
milling and deposition, in-situ lithography
techniques)
l High-throughput and low-cost fabrication
methods for hybrid nanodevices and
quantum photonic circuits (e.g. selfassembly, nanoimprinting, lithography)
l Optical methods for investigating quantum
light-matter interfaces (e.g. singlemolecule spectroscopy, stimulated-Raman
adiabatic passage (STIRAP) and coherent
population trapping), the development of
novel approaches at the interface between
quantum optics, nano-optics &
nanophotonics and advanced spectroscopy
(e.g. nanoantenna-based spectroscopy,
coherent multidimensional nanoscopy) and
also modern X-ray and neutron scattering
techniques; this aims at leveraging stateof-the-art experimental capabilities for
new QT
l Advancing theoretical techniques to
quantitatively understand these phenomena
(e.g. noncanonical quantization schemes,
non-Markovian bath interaction models),
including novel computational methods (e.g.
hybrid electromagnetics/quantum
mechanical algorithms or further advances
in density functional theory methods)
In the following, we provide a structured list of
topics on which we are currently working. We
describe the various aspects concerned with each
topic and offer our view on the progress that is
expected/aimed at within the next 5 years.

15/06/2017 15:30
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Generation, detection,
manipulation & storage
of quantum states of
light at the nanoscale
ENERGY
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Figure 3. Generation, detection, manipulation and storage of quantum states of light at the nanoscale. Relevance of the proposed
topics for basic research (100%), ICT (100%), sensing & metrology (100%) and energy efficiency (100%). 100% means that all topics
discussed in this section are relevant.

Single-photon sources
Single-photon sources are at the heart of many
applications in QT. To this day, producing a
scalable source of on-demand and efficient
indistinguishable photons remains a challenge
[1-3]. Nanosources of light seem the best
potential option to meet this challenge but many
key issues are still present.

14

CONCEPTS / THEORY / MODELS
As knowledge and means of controlling singlephoton sources develop, more fundamental
questions arise, in particular in terms of
coherence, light-matter coupling and manyphoton interaction. Therefore, novel
experimental findings require progress in
theoretical tools as well, such as:
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l
l
l

l
l

Finite difference time-domain simulation
Optical Bloch and Maxwell-Bloch equations
Density matrix approach for coupling with
reservoir
Modelling of light extraction and collection
Density functional theory

MATERIALS / SYSTEMS / EXPERIMENTS
In the last few decades, a plethora of nanoscale
single emitters have emerged, each with their
pros and cons. The quest for the best host
material and the best quantum emitter is still
under way. Many materials are currently
explored (semiconductors, diamond, 2D
materials, etc.) as well as different geometries
(rod, dots, pillars, wires, etc.), and even different
dimensions (3D confinenement, defects in 2D

15/06/2017 15:30

Figure 4. Single SiVs
implanted in high purity
diamond with enhanced
collection efficiency using
solid immersion lenses.
Courtesy of the Quantum
Optics Group, Saarland
University (www.uni
saarland.de/fak7/becher).
Figure adapted from B.
Pingault, et al., All-optical
formation of coherent dark
states of silicon-vacancy
spins in diamond, Phys. Rev.
Lett. 113, 263601 (2014).
(Copyright American
Physical Society, 2014).

materials, etc.). Moreover, efforts in material
engineering are important to attain scalable and
reproducible single-photon sources. Examples of
these systems include:
l III-V semiconductor self-assembled QDs
emitting at 900 nm, 1.3 µm and 1.55 µm
l Organic molecules
l Colour centres in diamond
l 1D materials, such as nanowires or carbon
nanotubes
l 2D materials, such as hexagonal boron nitride
or thin transition-metal dichalcogenides
l Spontaneous parametric down conversion
and spontaneous four-wave mixing in microand nanostructures
l Rare earth ion doped crystals
l Electrically pumped systems (e.g. QDs, colour
centres)

l

l

l

l

Standardization and calibration of singlephoton sources [4]
Scalable fabrication of indistinguishable
single-photon sources and sources of
entangled photon pairs [5,6]
Development of stand-alone and fibrecoupled single-photon sources
Efficient electrical pumping schemes [7]

Application areas: Basic science, ICT, sensing &
metrology, energy efficiency
REFERENCES

1. B. Lounis, M. Orrit, Single-photon sources, Rep. Progr. Phys.
68, 1129 (2005)
2. S. Takeuchi, Recent progress in single-photon and
entangled-photon generation and applications, Jpn. J. Appl.
Phys. 53, 030101 (2014)
3. I. Aharonovich, D. Englund, M. Toth, Solid-state single-photon

CHALLENGES / PERFORMANCES / GOALS
Electrically controlled single-photon sources,
which work under ambient conditions and emit
identical photons, remain the final goal. In the
not-so-long run, single-photon sources serving
different kinds of applications will be on the
market (some already are, albeit not turnkey)
and, as such, they will have to be ready for
commercial challenges in terms of performances,
cost and reliability. Many points will then have to
be addressed, such as:
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emitters, Nat. Photon. 10, 631 (2016)
4. B. Rodiek, et al., Experimental realization of an absolute
single-photon source based on a single nitrogen vacancy
centre in a nanodiamond, Optica 4, 71 (2017)
5. I. Schwartz, et al., Deterministic generation of a cluster state
of entangled photons, Science 354, 434 (2016)
6. N. Somaschi, et al., Near-optimal single-photon sources in
the solid state, Nat. Photon. 10, 340 (2016)
7. D. Yu Fedyanin, M. Agio, Ultrabright single-photon source on
diamond with electrical pumping at room and high
temperatures, New J. Phys. 18, 073012 (2016)
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Superconducting singlephoton detectors
Like single-photon sources, single-photon
detectors are indispensable for applications in
QT [1]. In the case of detectors, the challenge of
detecting a single photon with close-to-unity
efficiency over a wide wavelength range remains
[2]. Moreover, these detectors should be able to
resolve photon number and ideally work under
relatively relaxed conditions (e.g. turnkey
operations). Superconducting nanowire detectors
seem the best potential option to meet this
challenge, but there are still many associated
problems to be solved [3,4].
CONCEPTS / THEORY / MODELS
Again, as knowledge and means of fabricating and
engineering these single-photon detectors
develop, fundamental questions arise, especially
in terms of efficiency, speed or insertion into
more complex photonic circuitry. Moreover,
studying the detection mechanism allows us to
determine the physical limits to the operation of
these devices. It is at present not known how far
away we are from these limits. Theoretical work is
thus necessary for a better and more fundamental
understanding of the systems, such as:
l Understanding superconductivity in
nanostructures
l Numerical simulations of the detection
mechanism
l Study of the superconducting single-photon
detector (SSPD) mechanism in unconventional
superconductors, to establish the feasibility
of high-critical-temperature (Tc) SSPDs [5]
l Understanding non-Bardeen-CooperSchrieffer (BCS) electrodynamics (e.g.
interplay of disorder, interaction and photondriven out-of-equilibrium superconductivity)

l

l

l

l
l
l
l

l
l

S uperconducting nanowire single-photon
detectors (meanders, nanodetectors)
Photon-number-resolving transition edge
sensors (TES)
Superconducting materials: NbN, NbTiN, WSi,
NbSi, InO, MoSi, YBCO
Waveguide detectors [6]
Kinetic inductance detectors
Alternative substrates
Optical, electrical, temperature & magnetic
field studies at < 1 K
High-temperature operation
Multilayer and novel geometries

CHALLENGES / PERFORMANCES / GOALS
An ideal single-photon detector has yet to be
developed, where all the photons are sorted and
detected, possibly over a large energy range
(down to microwave region for some
applications). Like single-photon sources,
single-photon detectors are already on the
market. However, there are still challenges in
terms of performances, cost and reliability that
need to be addressed, for instance:
l Standardization and calibration of singlephoton detectors
l Specification sheets
l Development of affordable, small-footprint
cryocoolers for commercial systems
Application areas: Basic science, ICT, sensing &
metrology, energy efficiency
REFERENCES

1. R. H. Hadfield, Single-photon detectors for optical quantum
information applications, Nat. Photon. 3, 696 (2009)
2. F. Marsili, et al., Detecting single infrared photons with 93%
system efficiency, Nat. Photon. 7, 210 (2013)
3. A. Engel, J. J. Renema, K. Il’in, A. Semenov, Detection
mechanism of superconducting nanowire single-photon
detectors, Supercond. Sci. Tech. 28, 114003 (2015)
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MATERIALS / SYSTEMS / EXPERIMENTS
Material engineering is of prime importance for
superior single-photon detectors. Many new
materials have emerged recently as potential
candidates. Meanwhile, progress in
nanofabrication enables different paradigms for
controlling detection at the nanoscale. Examples
of topics being explored in this area include:
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4. C. M. Natarajan, et al., Superconducting nanowire singlephoton detectors: physics and applications, Supercond. Sci.
Tech. 25, 063001 (2012)
5. R. H. Hadfield, G. Johansson, eds., Superconducting devices in
quantum optics (Springer, 2016)
6. F. Najafi, et al., On-chip detection of non-classical light by
scalable integration of single-photon detectors, Nat. Commun.
6, 5873 (2015)
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Manipulation and storage
of single photons
Besides generation and detection of single
photons, the manipulation and/or storage of
quantum states of light must also be
implemented in integrated circuits [1]. Moreover,
scaling quantum photonic technologies requires
efficient and long-term single-photon storage
[2]. A number of requirements are important,
such as storage and retrieval efficiency, storage
time and reduction of background noise to reach
a high fidelity. These and other aspects have
been actively studied for many years such that
complex circuitry is now available and
manipulation and/or storage are improving
towards practical applications.
CONCEPTS / THEORY / MODELS
Manipulation of single photons has now reached
a high degree of control and scalability compared
to storage. The latter is more challenging, as it
requires finer control over light-matter
interaction. Therefore, it is in this area that a
great deal of theoretical work is needed.
Examples of key issues include:
l Semiclassical description of (arrays of)
multilevel atoms with optical near fields
l Full quantum description of the interaction of
multilevel atoms with resonator modes
l Schemes for the manipulation and storage of
quantum states of light on a photonic chip
l Designs for coupling single photons to
low-loss photonic integrated circuits

l

l

l

l

nanoresonators
Quantum memories based on ion-doped
crystals
Nonlinear waveguides (e.g. periodically poled
lithium niobate)
Integration of solid-state single-photon
source (e.g. QDs nanocrystals) in optical
microresonators and in quantum photonic
circuits
Tapered optical fibres with a nanosize waist
and >99% transmission [6]

CHALLENGES / PERFORMANCES / GOALS
The performance of single-photon manipulation
has greatly increased recently, especially with
the use of integrated optics components.
Nevertheless, there is still need for improvement
to turn devices into products. For the storage of
single photons, it is even more challenging to
achieve “commercial” performances (specific
materials, low temperatures, etc.), e.g. for
quantum repeaters, and efforts need to be
focused in these areas:
l Developing strong light-matter interactions
at room temperature
l Low-loss and low-cost coupling to optical
fibres
l Low-loss optical channels down to 1 dB/km
Application areas: Basic science, ICT, sensing &
metrology, energy efficiency
REFERENCES

1. N. Sangouard, et al., Quantum repeaters based on atomic

MATERIALS / SYSTEMS / EXPERIMENTS
Even though manipulation of multiple single
photons has been achieved [3] and is scalable to
some extent, there are still challenges for
several schemes in quantum information
processing. Likewise, quantum communication
demands a stringent level of control that has yet
to be achieved [4]. Quantum storage of single
photons preserving coherence and other intrinsic
properties is definitely very challenging [5], and
different materials and systems are currently
investigated, such as:
l Cavity quantum electrodynamics (CQED) with
single emitters coupled to micro- and
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3. B. A. Bell, et al., Experimental demonstration of graph-state
quantum secret sharing, Nat. Commun. 5, 5480 (2014)
4. S. Barz, Quantum computing with photons: introduction to the
circuit model, the one way quantum computer, and the
fundamental principles of photonic experiments, J. Phys. B 48,
083001 (2015)
5. F. Bussières, et. al., Prospective applications of optical
quantum memories, J. Mod. Opt. 60, 1519 (2013)
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Nonlinearities and
ultrafast processes in
nanostructured media
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Figure 5. Nonlinearities and ultrafast processes in nanostructured media. Relevance of the proposed topics for basic research (100%),
ICT (86%), sensing & metrology (29%) and energy efficiency (43%). 100% means that all topics discussed in this section are relevant.

Coherent control at the nanoscale

18

Besides control of chemical reactions and
nuclear spins, the field has significantly
expanded to other realms. Particularly
relevant in the context of future QT are
applications of coherent control schemes in
nanophotonics [1-3]. They allow for addressing
and manipulating individual quantum systems
and provide new insights about quantum
coherences that are then no longer hidden in
an inhomogeneous ensemble. The development
of multidimensional coherent spectroscopy
with nanometre spatial resolution [4], together
with spatially selective addressing in optical
near-fields, enables complex quantum
protocols in individual nanoscale assemblies
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of interacting qubits. The rapid advances in
nanotechnology complement this development.
Precise fabrication of high quality
nanostructures with deterministic coupling to
single qubits allows investigating complex
coherent phenomena. In the long-term, this
field offers a promising route towards an
alternative system platform for highly
integrated QT.
CONCEPTS / THEORY / MODELS
The coherent control schemes developed in
chemistry need adaptation for applications in
nano-optical settings, where longitudinal
fields become relevant, expanding the degrees
of freedom for control. Theoretical efforts
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Figure 6. Schematics of 2D
coherent optical nanoscopy.
Courtesy of the Laboratory
of Nano-Optics, University
of Siegen (nano-optics.
physik.uni-siegen.de).

concern, for example:
l Optical near-field control
l Quantum control schemes
l Photon-photon interactions
l Adaptive versus open-loop control
l Nonlinear nanospectroscopy
MATERIALS / SYSTEMS / EXPERIMENTS
Nanoantennas serve as gateway to selective
nanoscale quantum systems such as
chromophores or QDs acting as qubits. The
anisotropic response of such antennas enables
selective spatiotemporal excitation schemes,
based, for instance, on:
l Polarization pulse shaping assisted optical
near-field control
l Time-resolved single- molecule spectroscopy
l QDs coupled to nanoantennas
l Hybridization and strong coupling between
nanoantennas and quantum systems
l 2D materials and their heterostructures

conceived as classical entities. With increasing
coupling strength, this picture fails and a fully
quantum description of the combined system
interacting with the environment is needed. In
nanoscale quantum devices the effects of
decoherence and dissipation must be
minimized by developing robust control
schemes [5] addressing:
l Minimizing dissipation and decoherence
l Realistic quantum description of systemenvironment interaction
l Development of robust coherent control
schemes
Application areas: Basic science, ICT,
sensing & metrology
REFERENCES

1. M. Aeschlimann, et al., Adaptive subwavelength control of
nano-optical fields, Nature 446, 301 (2007)
2. D. Brinks, et al., Visualizing and controlling vibrational wave
packets of single molecules, Nature 465, 905 (2010)

CHALLENGES / PERFORMANCES / GOALS
Presently the nanoantennas used to selectively
address individual quantum systems are
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3. R. Hildner, et al., Quantum coherent energy transfer over
varying pathways in single light-harvesting complexes,
Science 340, 1448 (2013)
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4. M. Aeschlimann, et al., Coherent two-dimensional nanoscopy,
Science 333, 1723 (2011)
5. B. Rousseaux, et al., Adiabatic passage mediated by
plasmons: A route towards a decoherence-free quantum
plasmonic platform, Phys. Rev. B. 93, 199902 (2016)

crystalline materials, intrinsic losses remain
large. Dielectric and hybrid materials could
serve to minimize these losses further. Hence,
investigated systems include:
l Nanoplasmonics resonators
l Dielectric nanoresonators
l Hybrid nanoantennas

Nanoemitters and nanoantennas
Nanoemitters and nanoantennas link the
nanoworld to the far-field transverse
electromagnetic radiation [1] and thus play an
essential role in nanoscale quantum optical
phenomena. Broadband response and
directionality [2] have been demonstrated and
the interfacing to nanoscale transmission lines
[3] and cavities is currently being investigated
[4]. Strong coupling to single-quantum emitters
is challenging [5] and even advanced
nanofabrication methods may not always
provide a satisfying level of control. Selforganized assembly of nanoantenna-quantum
emitter structures may provide better control.
CONCEPTS / THEORY / MODELS
Not only the coupling of local excitations to the
far field is of interest for quantum optical
applications, dark modes or purely evanescent
modes are also beneficial if efficient coupling
between quantum emitters is desired. In
adapting the properties of nanoantennas for
particular applications, the mode hybridization
concept is essential [6]. Combination of different
modes allows tailoring the response, which has
been described for Fano resonances, for example
[7]. In this context, representative topics are:
l Mode hybridization
l Energy transfer efficiency
l Use of Fano resonances
l Subradiative and superradiative modes
l Strong coupling of antennas
l Coupling to cavities and transmission lines

CHALLENGES / PERFORMANCES / GOALS
Dissipation and decoherence in nanophotonic
systems is limiting the use of nanoantennas for
quantum optical applications. If their coupling
to the far field acts as an efficient dissipation
channel, it can be minimized by employing dark
modes. Moreover, successful implementation of
NQO requires a precise manipulation and
placement of individual quantum emitters in
the vicinity of optical nanoantennas. The
challenges to be addressed include:
l Minimization of dissipation
l Long-lived dark mode resonances
l Controlled coupling to single-quantum
emitters
l Self-organized assembly of nanoantennaquantum emitter structures
l Precise positioning/growth of quantum emitters
Application areas: Basic science, ICT, sensing &
metrology, energy efficiency
REFERENCES

1. M. Agio, A. Alù, eds., Optical antennas (Cambridge University
Press, 2013)
2. T. H. Taminiau, F. D. Stefani, F. B. Segerink, N. F. van Hulst,
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2, 234 (2008)
3. C. Rewitz, et al., Ultrafast plasmon propagation in nanowires
characterized by far-field spectral interferometry, Nano Lett.
12, 45 (2012)
4. D. T. Schoen, et al., The planar parabolic optical antenna,
Nano Lett. 13, 188 (2013)
5. R. Chikkaraddy, et al., Single-molecule strong coupling at room
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MATERIALS / SYSTEMS / EXPERIMENTS
Up to now research has focused on metallic, i.e.
plasmonic, nanostructures serving as
nanoantennas and on nanoemitters. Although
the losses induced by material imperfections
can be minimized by employing single
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temperature in plasmonic nanocavities, Nature 535, 127 (2016)
6. E. Prodan, C. Radloff, N. J. Halas, P. Nordlander, A
hybridization model for the plasmon response of complex
nanostructures, Science 302, 419 (2003)
7. B. Luk’yanchuk, et al., The Fano resonance in plasmonic
nanostructures and metamaterials, Nat. Mater. 9, 707 (2011)
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Nanoscale nonlinear response
The nonlinear response is typically only a weak
effect in bulk materials or interfaces. However,
the field concentration achieved in
nanophotonics enhances the signal from
nanoscale objects. Two aspects are of
particular interest in NQO: (i) enhanced
nonlinear response in optical near-fields and
(ii) nonlinear CQED at the few- or singlequantum level. In contrast to bulk nonlinear
materials, the field distribution can no longer
be envisioned as homogeneous, which has
generated renewed interest in the actual
mechanisms of the nonlocal [1] and nonlinear
[2] response on a microscopic scale. The
investigated systems (metal or hybrid
nanostructures) are still too large for a full
ab-initio quantum theoretical treatment. Thus
modelling relies on the combination of Maxwell
solvers for complex geometries with
implemented classical or quantum models
yielding the local linear and nonlinear
responses. In terms of experimental
achievements, the capability to measure the
response from individual nanostructures is
essential. This avoids inhomogeneous linebroadening effects and dispersion in the
spatial distribution of measured signals. The
huge nonlinearities observed in conventional
CQED occur at the few- or single-quantum level
[3] and form a blueprint for the development of
nanoscale quantum-optical devices [4]. Strong
coupling with plasmons has been demonstrated
for ensembles of quantum emitters [5] and
between quantum emitters randomly placed in
a nanophotonic cavity, for example [6]. Based
on even higher field enhancements, strong
coupling at room temperature has recently
been achieved for a single dye molecule placed
in a plasmonic gap resonance [7]. To increase
the coupling strength the quality factor of
nanophotonic cavities must be improved. This
will also extend the time window for coherent
manipulation of embedded quantum systems.
CONCEPTS / THEORY / MODELS
Investigation of the nonlinear response relies
on the close interaction of experiment and
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theory. Experimentally determined nonlinear
signals – preferentially from a single
nanostructure – are quantitatively matched to
theoretical simulations [8]. Highly nonlinear
optical materials embedded in nanophotonic
devices open a route to nanoscale all-optical
switching and coherent photon-photon
interactions. Adaptation of CQED for
nanophotonics seems straightforward.
However, the presence of strong loss channels
poses severe restrictions and robust, and
ultrafast, coherent manipulation protocols
need to be developed. The extension to the
near-infrared part of the electromagnetic
spectrum increases the number of losschannels. Therefore a balance between ideal
operation conditions has to be determined.
There are thus many theoretical aspects that
require consideration, especially:
l Integration of quantum mechanical
response in Maxwell solvers
l Nonlinear response in nanostructures
l Ultrafast nanoscale all-optical switching
l Nanoscale CQED
l Jaynes-Cummings and Tavis-Cummings
models
l Open quantum systems
l Rabi oscillations – strong coupling
l Ultrastrong coupling
l Maxwell solvers with local response kernel
l Developments of time-dependent density
functional theory
MATERIALS / SYSTEMS / EXPERIMENTS
The concept of nonlinear response in
nanostructures is currently investigated for
plasmonic systems with rather simple
hydrodynamic and jellium models. Application
to anisotropic dielectrics and hybrid
nanostructures and a more refined treatment
of the quantum system response are needed.
Nanoscale CQED relies on cavities with tiny
mode volumes and thus requires a highly
controlled embedding of quantum emitters.
Improving the quality factor of nanoscale
cavities would facilitate the reach of the CQED
regime, but limit the bandwidth of the cavity on
the other hand. Single-molecule spectroscopy
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methods are employed to study CQED effects. A
list of materials, systems and experimental
techniques would therefore include:
l Plasmonic and hybrid nanostructures
l Low-dimensional materials (e.g. nanowire,
nanotubes, graphene) and their hybrid
structures
l Nanophotonic wave guides and cavities,
including nanocavities with improved
quality factor
l Nonlinear metasurfaces
l Quantum emitters (defect centres in
diamond, QDs, molecules, etc.)
l Single-molecule spectroscopy
l Second- and third-harmonic generation in
individual nanostructures
l Tip-enhanced nonlinear spectroscopies

l

l
l

S ingle-quantum nonlinearity at the
nanoscale
Nonlocal quantum-emitter coupling schemes
Ultrafast CQED

Application areas: Basic science, ICT
REFERENCES
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CHALLENGES / PERFORMANCES / GOALS
Improved understanding of optical
nonlinearities could open routes to further
enhanced nonlinear responses from nanoscale
photonic devices. Hybrid nanostructures and
tailored fields and responses could enable
ultrafast all-optical switching. Reaching the
strong coupling regime in nanoscale CQED
requires cavities with huge local field
enhancements and advanced methods for
assembly that allow controlled embedding of
quantum emitters. Further investigations and
improvements are therefore needed, for
example, in:
l Probing the nonlinear response with high
spatial resolution
l Anisotropic nonlinear local response in
nanostructures
l Strong nonlinear local response
l Nonlinear response in hybrid
nanostructures
l Full quantum theory of linear and nonlinear
response in complex geometries
l Ultrafast all-optical switching in
nanophotonic devices
l Strong coupling regime for single emitters
in nanocavities
l Ultrahigh local density of photon states
l QDs and molecules with stable spectral
properties
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013901 (2015)
5. P. Vasa, et al., Real-time observation of ultrafast Rabi
oscillations between excitons and plasmons in metal
nanostructures with J-aggregates, Nat. Photon. 7, 128 (2013)
6. H. Kim, et al., Strong coupling between two quantum dots
and a photonic crystal cavity using magnetic field tuning, Opt.
Express 19, 2589 (2011)
7. R. Chikkaraddy, et al., Single-molecule strong coupling at
room temperature in plasmonic nanocavities, Nature 535, 127
(2016)
8. M. Ethis de Corny, et al. Optimized wave-mixing in single and
compact aluminum nanoantennas, ACS Photonics 3, 1840 (2016)

Coherent spectroscopy
on the nanoscale
Conventional coherent spectroscopy, especially
time-resolved multidimensional coherent
spectroscopy, already provides detailed
information about nanoscale and even
intramolecular energy transfer and coupling
phenomena [1-4]. NQO benefits substantially
from coherent spectroscopy with nanoscale
spatial resolution, i.e. beyond the diffraction
limit [5]. The probed linear and nonlinear
responses contain more information than the
integral responses measured in the far field. In
addition, inhomogeneous line-broadening that
might mask coherent dynamics in
measurements performed on an ensemble is
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absent. Combination of methods adapted from
conventional coherent spectroscopies with
optical near-field probes (scanning near-field
optical microscopy [SNOM], nanotips) [6,7] or
photoemission electron microscopy (PEEM) [5]
has significantly expanded the methodologies
to probe nanoscale coherent dynamics [8].
CONCEPTS / THEORY / MODELS
The local nonlinear response contains
information about coherent energy transfer in
nanoscale systems. Combining
multidimensional spectroscopy methods with
nanoscale resolution avoids the effects of
system inhomogeneity and yields access to
local response functions. This entails
combining various aspects of advanced
spectroscopy, nano-optics and quantum optics,
such as:
l Nanoscale energy transport
l Coupling mechanisms
l Multidimensional coherent spectroscopy
l Third-order nonlinear response and
four-wave mixing
l Homogeneous linewidth
l Light confinement

nanometres become accessible. Improved
spatial resolution will provide access to
coherent dynamics at the single-molecule
level. This requires, among others:
l Spatiotemporally resolved coherent
nanospectroscopy
l Nonlocal coupling
l Sub-10 nm resolution
l Single-molecule sensitivity
Application areas: Basic science, energy efficiency
REFERENCES
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MATERIALS / SYSTEMS / EXPERIMENTS
A broad range of nanophotonic systems is
investigated using coherent spectroscopies.
Both far-field methods and techniques that
allow for nanoscale resolution are employed.
Examples include:
l Exciton-plasmon coupling
l Disordered photonic materials
l Time-resolved far-field microspectroscopy
(second harmonic generation [SHG]
microscopy)
l Single-molecule spectroscopy
l Tip-enhanced spectroscopy
l Time-resolved PEEM
CHALLENGES / PERFORMANCES / GOALS
Spatiotemporal optical near-field control in
combination with coherent spectroscopy allows
probing the nonlocal response in complex
nanostructures. Nonlocal coupling phenomena
reaching over distances more than a few
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7. V. Kravtsov, R. Ulbricht, J. M. Atkin, M. B. Raschke, Plasmonic
nanofocused four-wave mixing for femtosecond near-field
imaging, Nat. Nanotechol. 11, 459 (2016)
8. E. Collini, Spectroscopic signatures of quantum-coherent
energy transfer, Chem. Soc. Rev. 42, 4932 (2013)

Active nanophotonics
Nanoplasmonic resonators embedded in an
optically active medium allow for a nanoscale
laser source known as spaser [1,2]. The
localized surface plasmons are amplified using
energy provided by the pumped active medium
and photons are radiated to the far field via
radiative damping. The demonstration of
efficient subwavelength coherent light sources
and amplifiers attracted great interest.
However, the implementation of spasers in
photonic nanocircuits requires novel electrical
pumping schemes [3]. Beyond the spaser based
on a single nanoantenna surrounded by an
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optical gain medium, interesting applications
arise from combining metamaterials with
optical gain [4].

l

C oherent light sources as nanocircuit
components

Application areas: Basic science, ICT
CONCEPTS / THEORY / MODELS
Stimulated emission of radiation to the far field
relies on near-field surface-plasmon
amplification in a highly lossy nanocavity with
optical gain. Controlling this process can be
complex and requires a better understanding of:
l Spasers
l Nanoscale plasmonic resonators
l Optically pumped active media
l Lossy CQED
l Optical amplification beyond the effective
medium gain model
l Master equations capturing many-body
effects in emitter ensembles
MATERIALS / SYSTEMS / EXPERIMENTS
The first demonstration relied on dye
molecules embedded in a polymer shell
surrounding a gold nanoparticle. Optical
pumping leads to fluorescence that narrows at
some pumping levels, indicating amplification
of localized surface plasmons in the
nanoparticle mode. Developments beyond this
proof-of-concept involve, for instance:
l Core-shell nanoparticles
l Nanowire lasers
l Optically pumped dye molecules as active
medium
l Plasmonic nanoantennas as resonators
l Metamaterials with gain
l Single-QD lasers/thresholdless lasers (and
their characterization)

24

CHALLENGES / PERFORMANCES / GOALS
The small mode volume of plasmonic
nanoresonators requires high population
inversion densities to allow nanolasing.
Furthermore, for future applications electrical
pumping schemes and nonradiative amplifiers
are required. Some of the main challenges and
goals are therefore:
l High population inversion densities
l Electrically pumped nanolasers
l Embedded nanoscale amplifiers
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Nanoscale transport
Nanoscale electron, spin and energy transport
occurs intrinsically on an ultrafast timescale.
Excited electrons with typical Fermi velocities of
about 106 m/s travel 10 nm within about 10 fs.
Energy transfer relies on coupling and competes
with other relaxation channels. Hence efficient
energy transfer has to be fast [1]. Time-resolved
nonlinear spectromicroscopy serves as a
valuable tool to visualize coherent energy
transport occurring in surface plasmon
polaritons [2] and more complex
electromagnetic modes. Ballistic charge
transport is limited to the mean free path of the
carriers. Typically it is restricted from a few
nanometres to about 10 nm for excited carriers
close to the Fermi level. Thus lateral transfer is
difficult to directly measure. However, transient
charging after photoexcitation [3], induced
photocurrents in heterostructures [4], exciton
microscopy [5], and photoemission of excited
electrons provide access to nanoscale charge
transport phenomena. Ultrafast electron
transport is significant in the ultrafast
demagnetization observed in ferromagnets after
pulsed excitation [6].
CONCEPTS / THEORY / MODELS
The treatment of energy transfer in optical
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nanostructures is based on Maxwell’s
equations. Coupled localized plasmon
polaritons, propagating plasmonic modes, and
Förster energy transfer between quantum
emitters are commonly applied concepts.
Excited electron transport is limited by
inelastic electron collisions treated
phenomenologically using the Boltzmann
equation. On short time and length scales
ballistic transport dominates. Thus, the
development of nano-optical tools for the
investigation of energy transport in
nanomaterials and quantum systems involves
aspects as diverse as:
l Surface plasmon polaritons
l Propagating longitudinal modes
l Förster energy transfer
l Excited electron relaxation
l Nonequilibrium charge dynamics in
nanostructures
l Boltzmann equation in complex geometries
l Ballistic transport
MATERIALS / SYSTEMS / EXPERIMENTS
Time-resolved imaging techniques are
essential to directly investigate energy
transport at the nanoscale. Examples are or
have been applied to:
l Plasmonic waveguides and circuitry
l Plasmons on metal islands
l Time-resolved SNOM
l Time-resolved PEEM
l Heterostructures, metal insulator metal
junctions
CHALLENGES / PERFORMANCES / GOALS
Monitoring the transport in complex
nanostructures requires new approaches, such as:
l Spatially resolved coherent
multidimensional spectroscopy
l Multiscale (time and space) techniques to
simulate quantum nanoscale transport
Application areas: Basic science, ICT, energy
efficiency
REFERENCES
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Quant. Electron. 24, 187 (2000)
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microscopy, ACS Nano 10, 7208 (2016)
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Strong-field phenomena
in nanosystems
Few-cycle laser pulses with stabilized carrier
envelope phase allow investigating strongfield phenomena in nanosystems such as
strong-field photoemission from metallic
nanotips [1-4] and nanoparticles [5].
Acceleration of the emitted electrons in the
optical near field and recollision of the emitted
electrons with the nanostructure yield a broad
electron kinetic energy spectrum. Similar to
the generation of single-attosecond soft X-ray
pulses, this offers the possibility for
attosecond electron pulse generation. In
addition to electron emission events in strong
fields, an adiabatic ultrafast insulator-metal
transition is induced in dielectrics [6] in
sufficiently strong fields. This effect enables
ultrafast switches operating at subcycle speed.
CONCEPTS / THEORY / MODELS
The basic concepts are adopted from atomic
physics in intense laser fields. The optical
near-field enhancements facilitate strong-field
phenomena so that even for rather weak
incident intensities strong-field effects
become relevant. These involve:
l Above-threshold ionization
l Strong-field emission
l Keldysh parameter
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l

l
l

C arrier envelope phase-stabilized laser
– few-cycle pulses
Streaking
Strong-field-driven insulator-metal
transition

MATERIALS / SYSTEMS / EXPERIMENTS
Metallic nanotips serve as field concentrators
and efficient electron emitters. Energy and
momentum resolved electron spectroscopies
are employed to obtain more complete
information about the emission process. These
approaches involve, for instance:
l Metal nanotips
l Dielectric nanoparticles
l Electron streaking in nano-optical fields
l Metal-insulator-metal junctions

electron pulses in time-resolved electron
diffraction. The challenges involved therefore
include:
l Resonant enhancement of nanoscale
strong-field phenomena
l Generation of attosecond electron pulses
l Optical near-field enhanced insulatormetal transition
Application areas: Basic science, ICT
REFERENCES
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CHALLENGES / PERFORMANCES / GOALS
Resonant excitation offers significantly
enhanced local fields. However, longer
coherence lifetimes mask few-cycle related
strong-field effects. Nevertheless, the proper
compromise between both phenomena could
boost strong-field effects in nanophotonics.
Based on wave packet dispersion control, the
ultrashort electron pulses emitted in strong
fields offer the chance to use attosecond
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4. A. Feist, et al., Quantum coherent optical phase modulation
in an ultrafast transmission electron microscope, Nature 521,
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6. A. Schiffrin, et al., Optical-field-induced current in
dielectrics, Nature 493, 70 (2013)
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Figure 7. Nanoscale quantum coherence. Relevance of the proposed topics for basic research (100%), ICT (0%), sensing & metrology
(60%) and energy efficiency (20%). 100% means that all topics discussed in this section are relevant.

Quantum coherence and dephasing
as a sensing tool

28

Quantum systems are highly susceptible to
external stimuli such as magnetic or electric
fields, temperature changes or strain [1].
Consequently, they are amenable to precisely
sensing these quantities, often with nanoscale
spatial resolution, by virtue of the inherently
miniature size that many solid-state quantum
systems offer [2,3]. The sensitivity at which
such measurements can be performed is
limited by the quantum sensor’s coherence
time [1], i.e. the timescale over which it
preserves its quantum phase. Quantum control
and dynamical decoupling offer ways to
protect coherence, while quantum logic can
improve readout efficiency for quantum states.
Both boost sensitivities significantly and in
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combination can yield, for example, quantum
magnetometers that reach single-protein
sensitivity [4].
CONCEPTS / THEORY / MODELS
While internal decoherence limits a quantum
sensor’s performance [1], decoherence caused
by external sources, i.e. additional
environmental fluctuations or entanglement
with the environment, offers a valuable
resource for sensing. Indeed, a quantum
sensor in proximity to a sample may
experience excess dephasing, which may carry
relevant information. Such decoherence
microscopy has been proposed in the context
of life sciences [5] and fundamental solidstate physics [6]. One key strength of
decoherence-based sensing is that it does not
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Figure 8. Magnetic domains imaged with an NV centre on the tip of an atomic force microscope. Courtesy of the Quantum-Sensing Lab,
University of Basel (www.quantum-sensing.ch).

require phase-stable signal sources and that
quantum control can be used to tailor the
spectral response of the quantum sensor to
either lock the sensor to a particular sensing
frequency or perform noise spectroscopy of
the environment [1]. In this context, research
efforts are addressing:
l Quantum sensing
l Decoherence microscopy
l Decoherence models in nanostructures
l Realistic decoherence simulations in
nanostructures
l Dynamical decoupling applied to nanostructures
l Many-body theory
MATERIALS / SYSTEMS / EXPERIMENTS
Initial experimental results have validated the
potential of quantum decoherence microscopy
and demonstrated its applicability to
nanoscale sensing [7]. Promoting these
concepts to real-life applications in life
sciences [5] (where for instance ion channels in
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cell membranes could be investigated) or
hard-to-address open problems in solid-state
physics [6] (such as studying strongly
correlated electron systems) remains an open
challenge. However, recent advances in
quantum sensing technologies, such as robust,
coherent scanning quantum systems that
employ innovative nanophotonic concepts, or
the demonstration of nanoscale quantum
sensing at cryogenic temperatures [8], render
this a highly promising avenue in quantum
engineering research. This involves, for
instance:
l Single quantum systems (QDs, colour
centres, etc.)
l Correlated electron systems
l Nanocrystals
l Photonic nanostructures
l Coherent spin manipulation
l Fluorescence steady-state and time-resolved
spectroscopy at single-emitter level
l Medical imaging
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CHALLENGES / PERFORMANCES / GOALS
The fact that startup companies have emerged
that aim at marketing such technologies to a
broader range of customers is a further
indication of the attractiveness and broad
applicability of coherence- or decoherencebased quantum sensing technologies. However,
challenges related to reproducibility and
robustness have arisen and include:
l Availability of highly coherent quantum
probes at the nanoscale
l Development of highly efficient sensing
protocols based on decoherence
l Understanding of decoherence mechanisms
induced by and in relevant samples
l Developing new quantum sensing devices,
robust enough to go beyond proof-of-concept,
including upscaling of fabrication processes
l Identifying and demonstrating key
applications outside the field of quantum
sciences
l User-friendly fibre-coupled quantum
sources and sensing devices
Application areas: Basic science, sensing &
metrology
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Coherent quantum transport for
energy harvesting
Nanoscale transport/bio-inspired materials
such as light-harvesting complexes could open
new routes towards efficient photovoltaic cells.
There is theoretical and experimental evidence
that coherent (quantum) transport is crucial
for ultrafast energy transfer, which is in turn
core to the efficiency of the photosynthesis
processes of energy harvesting and energy
transport [1-3]. A key role in this process is
also played by the structural order/disorder
interplay, which is conducive to a regime where
population can be transferred between
semilocalized and extended states, favouring
coherent transport.
CONCEPTS / THEORY / MODELS
Coherence/decoherence interplay is
fundamental for a step-change increase of
excitation diffusion lengths, another important
factor for energy harvesting and transport
efficiency. Here coherence provides the
memory necessary to ensure a degree of
spatial directionality in an otherwise
inefficient random walk of excitations [1]. The
interplay between timescales, the importance
of (quantum) correlations, the role of disorder,
and the different coupling regimes between the
components of these complex systems require
the development of more accurate models to
describe the natural energy-harvesting and
transport processes, including going beyond
Förster theory and Born-Oppenheimer
approximation [1,4]. Concepts and
methodologies of interest are:
l Energy harvesting
l Optimal energy transfer
l Master equation formalism
l Open quantum systems
l Computational chemistry
l Density functional theory (in its various
flavours)
l Spin Hamiltonians
l Quantum transport in disordered systems
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MATERIALS / SYSTEMS / EXPERIMENTS
Light-harvesting complexes [2,3,5] containing
pigments and proteins are used by plants and
photosynthetic bacteria to efficiently harvest
solar energy. In recent years, synthetic lightharvesting arrays, e.g. using boron
dipyrromethene dyes and pyrene [6] or
artificially enhanced natural biological
systems [7], have also been developed. Other
systems and experimental methods to
investigate them include:
l Light-harvesting complexes (natural, synthetic)
l Disordered photonic structures
l Nanoplasmonics
l Nanofabrication & synthesis
l Ultrafast and 2D spectroscopy
l Spectroscopy of single emitters
l Spectroscopy of nanoantennas
l Scanning probe techniques
CHALLENGES / PERFORMANCES / GOALS
Biological systems are very efficient light
harvesters. This is due to the fact that the most
efficient methods have been selected through
evolution. Identifying and reproducing these
mechanisms in photovoltaic devices may be
crucial to reach a step-change in their
performance. The main challenges and goals
may be considered to be:
l Increase efficiency of artificial
photosynthetic cells
l Development of accurate models to
describe energy-harvesting and transport
mechanisms
l Increase exciton diffusion lengths
l Reduce/prevent excitonic recombination
l Implementation of fully integrated photonto-chemical conversion
l Self-organized, and self-sustained artificial
photosynthetic cells
Application areas: Basic science, energy
efficiency
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Fundamental aspects of quantum
coherence at the nanoscale
Quantum coherence has been demonstrated in
various interference experiments with
electrons, neutrons, atoms, molecules and
more recently aggregates counting up to 10000
amu [1]. It is extremely difficult to attain
quantum interferences (Schrödinger-cat
experiments) with larger objects [2] because (i)
the de Broglie wavelength is inversely
proportional to the mass of the object, while
(ii) environmental decoherence increases
exponentially with its size, which drastically
reduces the coherence time during which it is
possible to observe interferences. During the
last decade, various mesoscopic systems (from
1 billion amu and beyond) have been
developed, realized and studied in the
laboratory in extreme vacuum conditions and
at extremely low temperatures [3,4], aiming at
realizing Schrödinger-cat experiments, and
there is widespread hope in the community
that it will be possible soon to let them operate
in the quantum regime.
CONCEPTS / THEORY / MODELS
In order to investigate the mesoscopic
transition it is imperative to take into account
quantum decoherence and from a fundamental
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point of view to develop nonstandard models
(gravitationally induced localization and/or
decoherence [5-7], spontaneous localization
[8]), which predict a quantum to classical
transition in this regime. Models and
techniques include, for example:
l Master equation
l Ab-initio methods
l Exact diagonalization techniques
l Spin-chain Hamiltonians

molecules, Nat. Commun. 2, 263 (2012)
2. M. Arndt, K. Hornberger, Testing the limits of the quantum
mechanical superpositions, Nature Phys. 10, 271 (2014)
3. M. Yuan, V. Singh, Y. M. Blanter, G. A. Steele, Large
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MATERIALS / SYSTEMS / EXPERIMENTS
Essentially all planned experiments in this field
require OM devices at some level, but otherwise
versatility is the rule. Therefore, the following
broad range of nanoscale systems and
techniques can be relevant for exploring the
fundamental aspects of quantum coherence:
l Molecules, QDs and colour centres
l Spin chains
l Nanoresonators
l Beads
l 2D materials and graphene
l Quantum classical transition
l Spectroscopy of single emitters
l Nano-optical tweezers
CHALLENGES / PERFORMANCES / GOALS
Realizing quantum interferences in the
mesoscopic regime would not only open new
perspectives in sensing and metrology, but
also open the door to fundamental
experimental tests related to the nature of
gravity [5-7] at the quantum level and/or to
the measurement problem [8], by:
l Developing strong light-matter interactions
at room temperature
l Developing a new generation of sensors
l Testing nonstandard formulations of
quantum physics (e.g. spontaneous
localization à la Ghirardi-Rimini-Weber,
self-gravity à la Diosi-Penrose, etc.)
Application areas: Basic science, sensing &
metrology
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Interaction of entangled light with
nanostructures
A consequence of coherence in nanoscale
objects is the possibility of achieving
entanglement within such systems. However,
directly generating entanglement in a
controlled way would often require being able
to fully control the interaction between such
systems. On the other hand, entangled photons
can be generated and therefore entanglement
could be transferred from light to
nanostructures, when the light-matter
interaction preserves coherence.
CONCEPTS / THEORY / MODELS
Theoretical models aim at the application of
quantum optical concepts to nanostructures,
such as:
l Light-matter interaction with quantum light
l Entanglement in nanostructures
l Light-matter coherence transfer
l Photon-plasmon interaction
MATERIALS / SYSTEMS / EXPERIMENTS
Model experiments have studied the
interaction of entangled photons with surface
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plasmons, demonstrating that the process of
light conversion into plasmons and then back
to photons preserves entanglement, both for
polarization [1] and for time-energy [2]
entangled photons. It would be interesting to
study the dynamic of entanglement in those
processes more closely by considering:
l Entangled photons sources
l Spectral manipulation of single photons
l Plasmonic structures
l Fluorescent molecules with high twophoton cross-section
l Self-assembled semiconductor QDs
l Multidimensional spectroscopy
CHALLENGES / PERFORMANCES / GOALS
Two-photon interactions with entangled light
would also be relevant, for instance to probe a
system. Recently, several schemes have been
proposed demonstrating the advantage of
performing spectroscopy beyond the classical
paradigms by making use of such entangled
states of light [4]. However, no experimental
implementations of those theoretical ideas
with energy-entangled photons have been
realized up to now. Challenges and goals
include:
l Low-signal/requirement of high two-photon
cross-section
l Implementation of new spectroscopy
schemes
l Demonstration of the transfer of
entanglement from light to large collective
structures, and atomic systems (quantum
memories and quantum repeaters)
Application areas: Basic science
REFERENCES
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Strong light-matter interaction at
ambient conditions
The interaction between a quantum emitter and
its local electromagnetic environment is
typically weak, such that only the spontaneous
decay rate is modified and the emission
frequency remains unaltered [1]. However, in the
case of strong light-matter interaction, the
coupling creates a light-matter hybrid (dressed
state, plexciton) that can have significantly
different energy levels from those of the emitter
or the optical system individually [1,2].
Moreover, strong light-matter coupling can be
achieved even without the need for incident
photons, as it simply relies on the vacuum field.
CONCEPTS / THEORY / MODELS
Only recently it has been discovered that
strong coupling can have significant effects at
a material and molecular level that were
thought to be independent of the
electromagnetic environment (phase
transitions, conductivity, chemical reactions,
etc.) [4-6]. Additionally, controlling and
engineering the potential plethora of dressed
states creates the prospect of studying and
designing new quantum-optical systems and of
controlling quantum coherence at the
mesoscopic/macroscopic scale. This requires
the advancement of theoretical models and
techniques such as:
l Ab-initio/density functional theory methods
l Computational electromagnetics
l Dressed states

1. E. Altewischer, M. P. van Exter, J. P. Woerdman, Plasmonassisted transmission of entangled photons, Nature 418, 304
(2002)
2. S. Fasel, et al., Energy-time entanglement preservation in
plasmon-assisted light transmission, Phys. Rev. Lett. 94,
110501 (2005)
3. L. Olislager, et al., Propagation and survival of frequencybin entangled photons in metallic nanostructures,
Nanophotonics 4, 324 (2015)
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MATERIALS / SYSTEMS / EXPERIMENTS
Different photonic, plasmonic or hybrid
plasmonic-photonic structures [3] with unique
resonance patterns can be used to create an
environment in which strong coupling with a
nanosystem occurs that is controlled and
harvested at ambient conditions. Examples of
such systems and of experimental techniques
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to investigate strong coupling are:
l Molecules/organic dyes, QDs, nanocrystals
and colour centres
l Proteins/DNA and other biological
molecules
l 2D materials
l Photonic/plasmonic & hybrid plasmonicphotonic arrays
l Metallic nanoparticles
l Raman microscopy/surface-enhanced
Raman scattering
l Nonlinear spectroscopy of single emitters
and at the bulk level
l Fluorescence steady-state and timeresolved spectroscopy of single emitters
and at the bulk level
l Quantum spectroscopy with entangled
photons

l

l

Control molecular and material properties
by strong light-matter interaction for
chemical reactivity, catalysis, phase
transitions, and wetting
Encoding entangled photons into dressed
states for quantum information science

Application areas: Basic science, sensing &
metrology
REFERENCES
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CHALLENGES / PERFORMANCES / GOALS
Developing a nanophotonic environment that
could efficiently control and mould strong
light-matter interactions at room temperature
is the major goal as this will enable:
l New hybrid light-matter structures with
unique features

4. S. Wang, et al., Phase transition of a perovskite strongly
coupled to the vacuum field, Nanoscale 6, 7243 (2014)
5. E. Orgiu, et al., Conductivity in organic semiconductors
hybridized with the vacuum field, Nat. Mater. 14, 1123 (2015)
6. A. Thomas, et al., Ground-state chemical reactivity under
vibrational coupling to the vacuum electromagnetic field,
Angew. Chem. Int. Ed. 55, 11462 (2016)

34
00_00_NQO_Roadmap_Pages.indd 34

15/06/2017 15:30

35
00_00_NQO_Roadmap_Pages.indd 35

15/06/2017 15:30

Cooperative effects,
correlations and many-body
physics tailored by strongly
confined optical fields
ENERGY
EFFICIENCY
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Figure 9. Cooperative effects, correlations and many-body physics tailored by strongly confined optical fields. Relevance of the proposed
topics for basic research (100%), ICT (100%), sensing & metrology (40%) and energy efficiency (40%). 100% means that all topics
discussed in this section are relevant.

Photonic quantum simulators
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The confinement of light to periodic
nanophotonic lattices drastically reduces the
photonic group velocities while nonlinear
optical effects are enhanced. Under such
extraordinary conditions, the optical field
turns into a strongly correlated fluid of
photons [1,2], which behaves in many ways
similar to systems of interacting spins or
electrons studied in condensed matter physics.
The development of improved nanophotonic
lattices with strong nonlinearities in different
platforms ranging from semiconductor cavities
to circuit QED lattices for microwave photons
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[3,4] will offer unprecedented possibilities to
simulate and explore the dynamics of strongly
correlated quantum many-body systems under
nonequilibrium conditions, where coherent
interactions compete with external driving
fields and dissipation in a fully controlled way.
CONCEPTS / THEORY / MODELS
Photonic quantum simulators require new
schemes for designing strong effective
interactions for photons. For the theoretical
modelling of photonic many-body systems,
new numerical [5] and analytical tools to study
many-body effects in the presence of driving
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Figure 10. Strong coupling
in plasmonic nanoarrays.
Courtesy of the Quantum
Dynamics Group, Aalto
University (physics.aalto.fi/
en/groups/qd). Figure
adapted from A. I.
Väkeväinen, et al., Plasmonic
surface lattice resonances
at the strong coupling
regime, Nano Lett. 14, 1721
(2014). (Copyright American
Chemical Society, 2014).

and dissipation must be developed, such as:
l Engineering of strong photon-photon
interactions and effective gauge fields in
nanophotonic crystals with nontrivial
topologies
l Floquet dynamics and nonequilibrium
phases of driven dissipative photonic
lattices
l Topological physics with driven many-body
photonic systems, including edge states,
Hall effect and robust optical delay lines
[6]
l New numerical methods for drivendissipative many-body systems in 1D/2D
l Atom-photon interactions in the
ultrastrong coupling regime
l Nonequilibrium theory of condensation of
photons, polaritons and plasmons
l Many-body theory of open quantum lattice
systems in the presence of disorder
MATERIALS / SYSTEMS / EXPERIMENTS
The experimental implementation of strongly
interacting many-body systems with photons
relies on the fabrication of high-quality and
low-bandwidth photonic lattice systems with
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integrated quantum emitters for generating
strong effective optical nonlinearities. Current
efforts are focusing on:
l 1D and 2D photonic lattices and coupled
resonator arrays with low losses and
strongly reduced frequency disorder
l Arrays of tunnel-coupled optical cavities
with embedded two-level emitters
l Semiconductor polariton lattices
l Coupled circuit QED resonators
l Plasmonic lattice systems with low losses
and high nonlinearities
l Spin-based polariton condensate lattices
CHALLENGES / PERFORMANCES / GOALS
Strong effective photon-photon interactions
are already routinely achieved with singlemode CQED systems in the optical and the
microwave regime. For the study of many-body
effects, the key challenge is to fabricate large
CQED lattices with sufficiently low disorder to
observe a competition between kinetic and
interaction-related energy terms. On the
theoretical side, the overall goal is to develop
generally applicable analytic and numerical
methods for describing dissipative many-body
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systems. Other challenges and goals are:
l Optimized/flexible numerical methods for
open quantum many-body systems
l Large-scale circuit QED resonator arrays in
1D and 2D
l Optical/plasmonic lattice systems with
single-photon nonlinearities exceeding
losses
l Simulating and realizing exotic out of
equilibrium phases in driven dissipative
photonic lattices
Application areas: Basic science, ICT
REFERENCES

1. I. Carusotto, C. Ciuti, Quantum fluids of light, Rev. Mod. Phys.
85, 299 (2013)
2. C. Noh, D.G. Angelakis, Many-body physics and quantum
simulations with light, Rep. Prog. Phys. 80, 016401 (2016)
3. A. A. Houck, H. E. Tureci, J. Koch, On-chip quantum simulation
with superconducting circuits, Nature Phys. 8, 292 (2012)
4. M. Fitzpatrick, et al., Observation of a dissipative phase

long-range entanglement and quantum gate
operations between travelling photons.
CONCEPTS / THEORY / MODELS
The efficient coupling of photons to single
emitters requires new theoretical tools to
describe the propagation of photons with
strong nonlinearities on the level of individual
photons. An additional complexity arises from
infinite-range interaction mediated by photons
in 1D. Theoretical work mainly concerns:
l Theory of few-photon transport in
waveguide QED system based on scattering
theory and quantum optical techniques
l Optical forces and self-ordering of atoms in
driven 1D atom-waveguide systems
l Superradiance and collective phenomena in
extended 1D systems
l Non-Markovian effects and atom-photon
bounds states in slow-light waveguides
l Single-photon switches and quantum gates
for propagating photons in 1D
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7, 011016 (2017)
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Atom-light interactions in one
dimension
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Waveguide QED refers to a scenario where
single- or multiple-quantum emitters are
coupled to a 1D nanophotonic waveguide. The
strong transverse confinement of light enables
individual photons to be efficiently absorbed
by even a single-quantum emitter, while
photons emitted into the waveguide can be
efficiently detected or used to mediate longrange interactions. This new regime of lightmatter interactions is currently investigated
with atoms [1,2], QDs [3], molecules and colour
centres coupled to nanophotonic waveguides
and offers many new opportunities for realizing
single-photon switches and directional
couplers [4], and for the implementation of
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MATERIALS / SYSTEMS / EXPERIMENTS
For the experimental realization of waveguide
QED systems, the coupling of individual
emitters to a photonic waveguide must exceed
the decay into free space. This can be obtained
with nanophotonic structures coupled to atoms
or solid-state emitters, such as:
l QD-pillar systems and free-space lensing
for efficient emitter-photon coupling
l Chiral photonic crystal waveguides with
unidirectional coupling
l Epsilon-near-zero (ENZ) medium for
position-independent dipole-dipole
interactions
l Bright single-molecule emitters and natural
colour centres coupled to 1D waveguides
l Long-distance coupling of separated QDs in
2D photonic crystal structures
l Atomic waveguide QED systems with large
optical depth based on tapered optical fibres
CHALLENGES / PERFORMANCES / GOALS
Waveguide QED systems have been
implemented with cold atoms or QDs coupled to
tapered fibres and photonic crystal waveguides.
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A main challenge is to achieve the
simultaneous coupling of a large number of
atom-like emitters to a 1D waveguide with a
coupling efficiency of ~99%, which has so far
only been reached with single QDs. Related
challenges and goals are:
l Multiple identical emitters coupled to a
single waveguide with ~99% efficiency
l Trapping of atoms close to nanophotonic
waveguides
l Combining chiral or ENZ waveguides with
QDs or other emitters
l Coupling of molecules to hybrid
(plasmonic-dielectric) waveguides
Application areas: Basic science, ICT, energy
efficiency
REFERENCES
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Quantum plasmonics
Compared to optical photons, plasmonic
excitations can be confined to a much smaller
region in space, which increases substantially
the coupling to emitters as well as all nonlinear
interactions [1-3]. At the quantum level this
strong confinement can be exploited for
boosting plasmon-emitter interactions and for
realizing strongly-correlated plasmonic systems
[4]. Beyond new quantum simulation schemes,
the resulting strong coupling effects can be
relevant for controlling plasmon-mediated
energy transport and chemical reactions.
CONCEPTS / THEORY / MODELS
The description of strongly coupled plasmonic
systems requires new techniques for modelling
dissipative few- and many-body systems,
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where plasmon-matter and plasmon-plasmon
interactions must be treated on an equal
footing. Current theoretical efforts include, for
example:
l Nonlinear effects in organic “plasmonics”
l Exciton compensation of Coulomb blockade
of the current through nanojunctions
l Modelling of 2D plasmons in graphene and
nanographene sheets
l Pseudo-particle nonequilibrium Green
function formalism for plasmon-exciton
interactions
MATERIALS / SYSTEMS / EXPERIMENTS
Strongly interacting plasmonic systems can be
implemented with nanostructured metals as
well as unconventional materials like
graphene. The coupling to molecules and
emitters requires optimal designs, where
strong confinement of plasmons without
substantial increase of losses is achieved.
Typical systems and experimental settings
include:
l Plasmon-induced nonlinearities in
nanostructured graphene
l Plasmonic lattices and metamaterials
l Experimental tests of the quantum
properties of plasmons
l Strong coupling between plasmons and
molecules – plasmon chemistry
l Plasmon-assisted energy transfer
CHALLENGES / PERFORMANCES / GOALS
Quantum plasmonics is a relatively new field of
research, within which the efficient coupling of
plasmons to single emitters as well as basic
quantum optical effects have been
demonstrated. However, compared to optical
photons, plasmons suffer from large losses
and a major challenge for further progress is
the identification of optimized materials and
structures to minimize such losses. Additional
challenges and goals include:
l Increase plasmon lifetimes and
propagation lengths
l Enhanced plasmonic nonlinearity using
near-field effects
l Tailored plasmonic waveguides for coupling
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l

to emitters and out-coupling to photons
Many-body modelling with plasmon-matter
and plasmon-plasmon interactions treated
on an equal footing

l

l

l

Application areas: Basic science, ICT, sensing &
metrology, energy efficiency
l
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Superradiance, self-organization, relaxation
dynamics and prethermalization in CQED
Quantum phase transitions and universal
dynamics of Rabi and Dicke models
Cavity protection effects and decoherence
control of atomic and spin ensemble
quantum memories
Green’s tensor approach to model
superradiance of many random emitters
coupled to plasmonic resonances
Superradiance in metamaterials and in an
ENZ medium
Higher-order cumulant expansions methods
for modelling collective effects
Collective and near-field dipole-dipole
interactions in dense ensembles

at the strong coupling regime, Nano Lett. 14, 1721 (2014)

Collective effects and phase
transitions
The coupling of a collection of emitters to a
single radiation mode results in many nontrivial
phenomena associated with the existence of
super- and subradiant states, where the
coupling is either coherently enhanced or
strongly suppressed. In CQED systems with
ensembles of atoms or solid-state emitters,
collective effects like superradiance,
nonequilibrium Dicke phase transitions [1,2] as
well as long-lived collective states are
experimentally investigated. Relaxation
phenomena [3], phase transitions and
ultrastrong coupling effects [4] can be explored
at the crossover from the classical to the
quantum regime with potential applications
ranging from low-power signal processing to
collectively protected quantum memories [5].
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CONCEPTS / THEORY / MODELS
The modelling of collective radiation phenomena
in nanophotonic systems requires theoretical
tools to model the transient dynamics and
steady states of multiple emitters coupled to a
single radiation mode in the quantum and
classical regime, in the presence of frequency
and coupling disorder. Current theoretical
efforts include, for example:
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MATERIALS / SYSTEMS / EXPERIMENTS
Collective effects occur in a variety of CQED
setups in atomic and solid-state systems,
whenever many emitters are coupled to a
single radiation mode. Currently investigated
systems include:
l CQED systems with ensembles of lasercooled atoms
l Plasmonic resonances coupled to
ensembles of molecules or other emitters
l Spin-ensembles coupled to microwave
resonators
l Quantum well intersubband transitions in
microcavities and metamaterials
l Superradiation and control of coherence
with ENZ mediums
l Ultracold atoms in optical lattices with
photon-mediated long-range interactions
CHALLENGES / PERFORMANCES / GOALS
Collective interaction phenomena have been
explored for many years, but only recently it has
become possible to study the steady-state and
excitation spectra of such systems deep in the
quantum regime and at ultrastrong coupling
strengths using cold atoms and solid-state CQED
systems. Open challenges lie in:
l Dynamical control of ultrastrong coupling
effects for potential applications in
interfaces, quantum memories and lowpower switches
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l

l

Modelling of the quantum dynamics of
ultrastrongly coupled CQED systems
Control of collective coupling effects in
nanophotonic and plasmonic structures for
efficient light-matter interfaces

Application areas: Basic science, ICT
REFERENCES

1. K. Baumann, C. Guerlin, F. Brennecke, T. Esslinger, Dicke
quantum phase transition with a superfluid gas in an optical
cavity, Nature 464, 1301 (2010)
2. H. Ritsch, P. Domokos, F. Brennecke, T. Esslinger, Cold atoms
in cavity-generated dynamical optical potentials, Rev. Mod.
Phys. 85, 553 (2013)
3. S. Schütz, G. Morigi, Prethermalization of atoms due to
photon-mediated long-range interactions, Phys. Rev. Lett. 113,
203002 (2014)
4. Y. Todorov, et al., Ultrastrong light-matter coupling regime

quantum information-processing protocols
based on linearized OM couplings in singleand multimode OM systems as well as new
theoretical tools for the modelling of nonlinear
radiation pressure effects on the few-photon
level. Current theoretical efforts include, for
example:
l Conditional preparation of nonclassical
mechanical states and entanglement for
weakly coupled OM systems
l Theory of OM systems in the single-photon
strong-coupling regime
l Theory of multimode OM systems and OM
lattices
l Defect-phonon interactions in nanobeams
for enhanced phonon nonlinearities
l Modelling of mechanical properties of
carbon nanotubes, graphene and 2D
materials

with polariton dots, Phys. Rev. Lett. 105, 196402 (2010)
5. S. Putz, et al., Protecting a spin ensemble against
decoherence in the strong-coupling regime of cavity QED,
Nature Phys. 10, 720 (2014)

Nano-optomechanics
Photons can couple to the motion of isolated
micro- and nanomechanical resonators via
radiation pressure [1]. In nanophotonic
structures this interaction can be substantially
enhanced by confining light and sound within a
small region of space [2] while minimizing
mechanical and optical losses. The resulting
parametric coupling between light and
mechanical motion offers many new
possibilities for OM ground-state cooling of
vibrational modes, for the sensing and readout
of minute displacement forces and fields [3,4]
even beyond the standard quantum limit, for a
coherent conversion between optical and
microwave signals [5], and for the
implementation of mechanically induced
nonreciprocal elements [6] and switches at the
level of individual photons.
CONCEPTS / THEORY / MODELS
Applications of OM effects require the
development of efficient quantum control and
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MATERIALS / SYSTEMS / EXPERIMENTS
OM interactions can be studied in a large
variety of (nano)photonic and microwave
systems but this requires the optimization of
both photonic and mechanical properties. The
coupling to individual emitters [7] can further
introduce optical or phononic nonlinearities at
the quantum level. Materials and systems
currently of interest include:
l Nanoscale OM systems with strong
couplings and low optical absorption
l Phononic shields and optimized materials
for ultrahigh mechanical quality factors
l Arrays and low-disorder lattices of OM
elements
l Integrated nanophotonic and microwave OM
systems for optics-to-microwave
conversion
l Near-field coupling of carbon nanotubes
and graphene resonators to optical
resonators and single emitters
l Diamond OM systems coupled to NV and SiV
defect centres
CHALLENGES / PERFORMANCES / GOALS
Mesoscopic mechanical elements also tend to
vibrate in the MHz to few-GHz regime, which
makes them very susceptible to thermal noise
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and decoherence processes. Quantum control
of individual mechanical modes has already
been demonstrated in cryostats, but realworld technologies based on OM devices must
be able to operate at, or close to, room
temperature. Additional open challenges are
the mass manufacturing of OM devices with low
disorder and reaching the single-photon
strong coupling regime for implementing
efficient OM nonlinearities on the few-photon
level. The main challenges and goals therefore
include:
l OM systems in the single-photon strongcoupling regime
l Quantum control of OM systems at room
temperature
l Scalability of OM systems beyond one or
very few OM elements
l Complementary metal-oxide-semiconductor
(CMOS)-compatible manufacture of OM devices

Application areas: Basic science, ICT,
sensing & metrology
REFERENCES
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sensing, Phys. Rev. Appl. 5, 054019 (2016)
4. C. Yu, et al., Optomechanical magnetometry with a
macroscopic resonator, Phys. Rev. Appl. 5, 044007 (2016)
5. L. Tian, Optoelectromechanical transducer: reversible
conversion between microwave and optical photons, Annalen
der Physik 527, 1 (2015)
6. M. Hafezi, P. Rabl, Optomechanically induced non-reciprocity
in microring resonators, Opt. Express 20, 7672 (2012)
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diamond, J. Opt. 19, 033001 (2017)
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Technological outlook

I

n recent years, several companies have
emerged or have expanded their activities
in the field of NQO, see for example the COST
Action MP1403 industry partners at
www.cost-nqo.eu/industry. Many companies
have strong ties with academic research
laboratories, highlighting the importance of
academia/industry collaboration. This also
emphasizes the potential of NQO for creating
viable and sustainable companies by training
highly skilled personnel and by developing
risky technologies in an academic environment.
Here we discuss several aspects of NQO that
have already made an impact in industry.

Single-photon sources

44

The deterministic generation of pure single
photons is a now highly sought-after
technology for many research laboratories. The
probabilistic generation of single photons
from spontaneous parametric processes is
currently severely hindering the progress of
optical quantum information processing and
quantum communication, and NQO offers
several approaches based on compact and
integrated sources such as QDs, colour centres,
quantum light-emitting diodes (LEDs) and
organic molecules that have the potential to
yield high-rate, high-quality and, importantly,
deterministic single-photon emission. Some
emerging companies active in NQO are now
offering single-photon sources that can be
integrated in research laboratories. This is a
first step that will lead to the generation of
turnkey and user-friendly systems that will
further facilitate dissemination by the
academic and industrial communities. In terms
of performance, the immediate needs are:
l Self-contained turnkey system (in a
cryostat if necessary)
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l

l

l
l
l

l

Large coupling efficiency into an optical
fibre to reach deterministic generation
inside an optical fibre
High-rate and deterministic emission to
demonstrate a gain over spontaneous
generation
Electrical pumping
Telecom wavelengths
Deterministic and high-quality sources of
entangled photon pairs
Reproducible and scalable nanofabrication
technologies (in-situ optical and electronbeam lithography)

The industry is now in a position to address
these different aspects, which will lead to the
development of performance standardization
procedures.

Single-photon detectors
Superconducting nanowire single-photon
detection, which offers unrivalled efficiency
and detection rate, low noise and broadband
operation, is currently a very active area of
NQO in industry, with several companies
offering systems and solutions. Turnkey
operation has been reached, and users can now
acquire fully operation systems that can be
easily integrated in academic and industrial
environments. While academic laboratories
remain a strong acquirer of this technology,
one challenge is now to disseminate the
technology further in industrial applications
and gain large acceptance. Some aspects that
require further development are:
l Larger collection areas for free-space
coupling or multimode fibre coupling
l Higher detection speed (towards GHz
counting rate) in a cost-effective way
l Mid-infrared sensitivity (up to 5 µm)
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penetration.

Figure 11. Superconducting nanowire single-photon detectors. Courtesy of the Group of Applied Physics – Quantum Technologies,
University of Geneva (www.unige.ch/gap/qtech).

Integration of high-performance detectors
in quantum photonics platforms
Standardization of the performances will also
play an important role in widening the
acceptance of this technology in industry.
l

Photonic integration
Integration of NQO technologies in optical
circuits is an important and timely objective
for several industrial companies active in
integrated optics. Indeed, companies and
research laboratories now aim to leverage
from the developments in the “optics-on-achip” field to start integrating single-photon
sources, detectors and processing capabilities
on the quantum photonics platform. Several
materials are being pursued, such as GaAs, SOI,
lithium niobate, silica and diamond. A unified
approach involving both academics and
industry is essential to converge rapidly.
Targeting specific applications such as
quantum key distribution on a chip using
deterministic and high-rate single-photon
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sources could achieve this. Another important
application is computation tasks, such as Boson
sampling on a chip, in which the combination of
multiphoton generation, processing and
detection could lead to the demonstration of
quantum supremacy. The role of industry in this
line of work is to find ways to develop rapid,
performing and cost-effective ways to create
integrated circuits. Fortunately, this progress
will go together with that in integrated optics,
which will be highly beneficial.

Single-spin sensing
Single-spin sensing has rapidly evolved in the
last few years, and several companies have
emerged in the area. These companies leverage
from nanofabrication techniques and
established diamond providers to explore the
possibility of sensing with nanometre-scale
precision and unprecedented sensitivity.
Applications range from failure analysis of
electronic systems (through magnetic or
electric field sensing) to life sciences, where an
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understanding of the intracell mechanisms is
key to understanding subcellular processes
and to early diagnosis. One important
challenge is therefore to disseminate the
technology in areas outside of the quantum
physics/nanotechnology sector.
This inevitably requires a consolidation of the
technology in a rugged and turnkey system
that can be adopted by many end users with
diverse backgrounds. This will be combined
with academic innovation, and the synergy
between companies and laboratories will allow
rapid development cycles.

Numerical modelling
Numerical modelling has played a crucial part
in the development of nano-optics in research
laboratories. Several companies are active in
this field and are pursuing the development of

software that will be useful for NQO as well.
This could require adapting the numerical
methods to take quantum effects into account,
which would lead to a unique tool for
developing NQO processes. Possible
application areas cover fundamental quantum
many-body physics, multidimensional coherent
spectroscopy modelling tools, etc.

Enabling technologies
The core technology in NQO relies on more
generic technologies such as lasers, highspeed electronics and cryogenics. The
development of user-friendly tools exploiting
NQO technologies will greatly benefit from
partnerships with the generic technology
companies. Such partnerships will be essential
to disseminate NQO technologies, and will
allow both sides to expand their market.

46
00_00_NQO_Roadmap_Pages.indd 46

15/06/2017 15:30

47
00_00_NQO_Roadmap_Pages.indd 47

15/06/2017 15:30

Disclaimer
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The members of the COST Action MP1403 prepared this Roadmap independently
and as such it does not imply any opinion of the COST Association (www.cost.eu).
The cited references and the figures should be considered as representative
examples and have not been selected for promotion or for commercial purposes.
Due to the limited space they are by no means comprehensive.
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