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Boosting optical quantum technologies with quantum dot devices 
Pascale Senellart1* 

1 Center for Nanosciences and Nanotechnologies, CNRS, University Paris Saclay, University 
Paris Sud, Route de Nozay, 91460 Marcoussis 

*Pascale.senellart-mardon@c2n.upsaclay.fr

Today, the scalability of optical quantum technologies is limited both by the low efficiency of 
heralded single-photon sources and by the probabilistic operation of two-photon gates. Deterministic 
sources and gates can in principle be obtained making use of the single-photon sensitivity of an 
atomic transition. In this context, artificial atoms in the form of semiconductor quantum dots have 
emerged as a promising system  to boost optical quantum technologies, offering the potential of 
integration and scalability.  However, this requires an ideal atom-photon interface, where the quantum 
dot interacts only with a single mode of the optical field and is isolated from any source of 
decoherence. 

In the last few years, we have shown that 
near optimal quantum dot-photon 
interfaces can be obtained by positioning 
a semiconductor quantum dot in a 
microcavity [1]. The quantum dot is 
shown to interact with a single mode of 
the optical field [2] and is largely 
protected from all sources of 
decoherence, including phonons [3]. 
These technological developments have 
allowed the fabrication of bright solid-
state sources of single-photons with 
quantum purity exceeding 99 %. The 
brightness of the sources exceeds by one 
order of magnitude that of currently used 
sources [4] and allows speeding up intermediate quantum computation protocols such as Boson 
sampling [5]. We have also made progresses toward the development of deterministic two-photon 
gates, with devices performing as nonlinear switches at the single-photon level [6]. 

References 

[1] A. Nowak et al., Nature Communications 5, 3240 (2014) 
[2] V. Giesz et al., Nature Communications 7, 11986 (2016)  
[3] N. Somaschi, et al. Nature Photonics 10, 340 (2016).  
[4] T. Grange et al., Physical Review Letters 118, 253602 (2017) 
[5] J. C.  Loredo et al., Physical review letters 118 (13), 130503 (2017) 
[6] L. De Santis et al, Nature Nanotechnology 12, 663–667 (2017) 

Left: Schematic of a device: a single quantum dot (red dot) is inserted 
at the center of an optical micro cavity. The cylindrical pillar cavity is 
connected through 1D wires to a bigger frame where an electrical 
contact is defined. Right: SEM image of a device. 
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A Single-Emitter Gain Medium for Bright Coherent Radiation 
from a Plasmonic Nanoresonator 

Pu Zhang1, Igor Protsenko2, Vahid Sandoghdar3 and Xuewen Chen1* 

1 School of Physics, Huazhong University of Science and Technology, Wuhan, China 
2 Lebedev Physical Institute, Moscow, Russia 

3 Max Planck Institute for the Science of Light, Erlangen, Germany 
*xuewen_chen@hust.edu.cn

Conventional lasers have dimensions larger than or comparable to the wavelength of the emitted light 
and contain a large number of active emitters [1]. In recent years there has been great interest in 
developing subwavelength lasers both from a fundamental point of view and the perspective of device 
miniaturization and integration for applications. Spasers have been theoretically proposed and 
experimentally demonstrated by replacing optical cavities with plasmonic resonators [2]. Nevertheless, 
these devices require high concentrations of emitters to reach sufficient gain and to overcome both the 
radiation loss and the dissipation in metals, which may generate excess heat. The high concentration 
of emitters may also cause quenching due to energy transfers among closely packed emitters [3]. We 
devised a type of nanoscopic coherent light source with a minimal amount of gain material, namely, 
generation and radiation of coherent nanoplasmons powered by only one quantum emitter [4].  

Figure 1. (a) A three-level emitter is coherently pumped in Raman scheme and couples with the specially 
designed optical antenna; (b) The map of second order intensity correlation function g(2)(0) and average 
nanoplasmon number.  

The devised nanoscopic light source is composed of a specially designed metallodielectric optical 
antenna and a single three-level emitter (Figure 1). The hybrid optical antenna effectively couples (not 
necessarily strong coupling) with the single emitter and also ensures 50%+ quantum efficiency and 
moderate temperature rise. Pumping of the emitter takes a Raman scheme in order to keep up with 
fast plasmon decays. These strategies together help promote the performance of the source greatly. 
The source is thoroughly characterized with master equation method. As shown in Figure 1, we find 
the source can accumulate macroscopic nanoplasmons on the antenna and radiate coherently with a 
photon emission rate of 100 THz.  

The authors acknowledge financial support from the National Natural Science Foundation of China 
(grant 11474114, 11604109).  

[1] A. E. Siegman, Lasers, University Science Books: Sausalito, CA (USA), 1986. 
[2] P. Berini and I. De Leon, Nat. Photonics 6, 16 (2012). 
[3] M. I. Stockman, Nat. Photonics 2, 327 (2008). 
[4] P. Zhang, I. Protsenko, V. Sandoghdar, and X. W. Chen, ACS Photonics 4, 2738 (2017). 
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Nanocontrolled Dielectric Tip Coupled Single Quantum Dots and 
In-Situ Deciphering and Characterization of Multicarrier States 

Zhiyuan Wang, Weiwang Xu, Jingran Dong, Zhaohua Tian and Xue-Wen Chen* 

School of Physics, Huazhong University of Science and Technology, Wuhan, China 
*xuewen_chen@hust.edu.cn

Absorption and emission of matter comprise the majority of optical phenomena in our world. Among 
various kinds of nanoscopic optical emitters, colloidal quantum dots (QDs) have gained great attention 
due to intense broad-band absorption, tunable narrow-band emission, solution processibility, and 
compatibility with photonic structures [1]. By integrating single QDs with engineered photonic 
environment, recent reports have demonstrated directional single-photon emissions, large enhancement 
of monoexciton and biexciton emission, and vacuum Rabi-splitting in a plasmonic nanocavity. Ultimate 
success of these applications crucially relies on the absorption or/and emission properties of QDs at 
single-dot level. In comparison to a single-molecular emitter, density of states of a QD is usually very 
large and a QD in the charged states can be quite stable. Consequently, upon photo- or electrical-
excitation, a QD is often found in multi-carrier states. Recent studies revealed that these multicarrier 
states, especially monoexciton and biexciton of neutral, negatively-charged, and positively-charged QD, 
might dictate performance of devices. Despite impressive progress in chemical synthesis of non-
blinking QDs for the past years, charging, blinking, multiexciton generation and emission still generally 
occur under relatively intense optical excitation, electric bias or imbalanced current injection.  

In this work, we report on nano-controlled coupling of one colloidal quantum dot to a dielectric nanotip 
via shear-force feedback control and demonstrate three-dimensional manipulation of the QD towards 
precise integration of nanophotonic structures. In addition, we show in-situ deciphering the charging 
status, and precisely assessing the absorption cross section, and determining the absolute emission 
quantum yield of mono-exciton and biexciton states for neutral, positively-charged, and negatively-
charged single core/shell CdSe/CdS QD. We uncover very different photon statistics of the three charge 
states in single QD and unambiguously identify their charge sign together with the information of their 
photoluminescence decay dynamics [2,3]. 

Figure 1 (a) PL decay curves of instrument response function (IRF) and various states; (b) g(2)(τ) curves 
of different states.  

The authors acknowledge the financial support from Natural National Science Foundation of China 
(NSFC) (11474114), the Thousand-Young-Talent Program of China and Huazhong University of 
Science and Technology. 

[1] A.P. Alivisatos, Science 271, 933-937 (1996). 

[2]. W. Xu, X. Hou, Y. Meng, R. Meng, Z. Wang, H. Qin, X. Peng, X.-W. Chen, Nano Letters 17, 7487−7493 (2017) 

[3] Z. Wang, X. Hou, Z Tian, J. Dong, W. Xu, H. Qin, X. Peng, X.-W. Chen. Manuscript in preparation (2018).  
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Improved fluorescence of silicon vacancy diamond color centers 
via monomer and dimer core-shell nanoresonators 

M. Csete1*, A. Szenes1, D. Vass1, B. Bánhelyi2, T. Csendes2 and G. Szabó1

1 Department of Optics and Quantum Electronics,  
University of Szeged, Dóm tér 9, Szeged, 6720, Hungary 

2 Department of Computational Optimization,  
University of Szeged, Árpád tér 2, Szeged, 6720, Hungary 

*mcsete@physx.u-szeged.hu

Core-shell type plasmonic nanoparticles are advantageous in the improvement of several 
nanophotonical phenomena due to the supported hybrid modes and the low resistive loss [1]. In our 
previous studies we have demonstrated that the fluorescence light emission from vacancy centers in 
diamond can be significantly improved, when they are embedded into diamond-metal core-shell type 
nanoresonators with spherical, elliptical and nanoantenna shape [2]. In present work monomer and 
dimer configurations of silica-metal core-shell nanoresonators were optimized to improve the 
fluorescence of silicon vacancy (SiV) color centers embedded into a surrounding diamond layer. 
Accordingly, the objective function of the optimization was the product of the radiative rate 
enhancements at the excitation and emission wavelengths (Px factor). The geometrical parameters of 
the nanoresonators and the orientation of the dipoles representing the SiV color centers were varied. 
Spherical monomer silver and gold nanoresonators result in moderate ~102-fold and ~101-fold 
fluorescence enhancement, which is exclusively due to the improved emission. Elliptical monomer 
nanoresonators make possible one order of magnitude larger ~103-fold and ~102-fold fluorescence 
enhancement with a noticeable ~10-fold contribution of excitation improvement in case of silver. 
Dimers of symmetrical silver nanoresonators allow considerable simultaneous excitation and emission 
improvement, which results in a ~107-fold total fluorescence enhancement. The highest ~108-fold 
fluorescence enhancement is achieved, when asymmetry in the geometrical parameters of silver dimer 
nanoresonator components is allowed. In contrast, optimization of gold dimers performed by either 
restricting symmetrical or allowing asymmetrical geometrical properties for the composing 
nanoresonators resulted in almost identical configurations exhibiting ~104-fold fluorescence 
enhancement originating dominantly from emission improvement. Based on the far-field distribution 
efficient antenna-like emitter-nanoresonator coupling is achieved only in case of silver dimers. 

Figure 1. Wavelength-dependent radiative rate enhancement of the coupled silicon vacancy color center and the 
surface charge distribution on the optimized silver and gold, monomer and dimer core-shell nanoresonators at 

the excitation and emission wavelengths. Inset: zoomed monomer spectra around emission. 

The authors acknowledge the financial support from NKFIH K116362 and EFOP-3.6.2-16-2017. 

[1] E. Prodan and P. Nordlander, The Journal of Chemical Physics 120, 5444 (2004). 

[2] A.  Szenes, B. Bánhelyi, L. Zs. Szabó, G. Szabó, T. Csendes and M. Csete, Scientific Reports 7, 13845 (2017). 
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Probing the near field of a nano-hole grating with an oriented 

CdSe/CdS nanocrystal active near field probe 
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Thick-shell CdSe/CdS nanocrystals (NCs) illustrate the dramatic progress achieved in the synthesis of 

NCs. These mature structures are nanosources of light with a tunable wavelength, both brilliant and 

photostable. The NC fluorescence is not an intrinsic property but depends on the photonic Local 

Density of States (LDOS). Enhanced emission can be achieved by the coupling of NCs with 

nanophotonic structures such as plasmonics gratings [1]. Reciprocally, a single NC can act as an active 

probe to measure the nanoscale fluctuations of the LDOS. Near field active probes using a nano-

emitter at the end of a SNOM tip have been developed in order to control the position of the nano-

emitter on the structure with a nanometer resolution. When a single emitter is used a critical point is to 

know its orientation at the end of the tip, indeed the interaction with the structure drastically depends 

on the orientation of the emitting dipoles.   

In this paper, we report the realization of a near field probe using a single NC at its end and a way to 

determine its orientation (Fig.1 left). For this, measurements of Purcell factors are performed at 

different heights on a flat gold surface with a fixed thickness. By comparing the experimental results 

to the predictions of a model considering the layer of polymer and the emission of a 2D dipole located 

close to a gold layer, we achieve a precision of 5° for the angle between the crystalline c-axis of the 

NC and the axis normal to the surface (Fig.1 right). 

Figure 1. : left : NC at the end of a SNOM tip (the black arrow shows the c-axis perpendicular to the 2D dipole), 

right: Purcell factors on a flat gold layer 

As an application, we present measurements performed on ordered nano-hole gratings in gold layers 

mapped by a NC SNOM active probe tip. We show that the Purcell factors at different positions on the 

grating depend on the orientation of the NC. We compare these measurements with FDTD simulations 

of the different components of the near electric field and clearly show the link between them. 

The authors acknowledge the financial support of the French National research agency (ANR) with a 

part of the “Investissements d’Avenir” program (Labex Nanosaclay, reference: ANR-10-LABX-0035). 

[1]  F. Eloi, H. Frederich, F. Mazéas, A. Kumar, S. Buil, X. Quélin, A. Bouhelier, J.C. Weeber, M. Nasilowski, B. Dubertret, 

G. Colas des Francs, and J.-P. Hermier, Phys. Rev. B 94, 085301 (2016) 

A15: Quantum emitters Friday oral session

Friday oral session 5



Optical activity in arrays of plasmonic resonators : individual and 

collective origins and some applications. 
B. Gallas

1

1
 Sorbonne Universités, Campus Pierre et Maris Curie, CNRS-UMR 7588, Institut des 

NanoSciences de Paris, F-75005, Paris, France 
*
bruno.gallas@insp.jussieu.fr 

The progresses in nanotechnologies, in particular in electron-beam lithography, allow for the 

realization of nano-objects with complex shapes. This opens the way to the control at the nanoscale of 

the electromagnetic field intensity and polarization with applications in environmental science, 

medicine, biology, anti-couterfeiting tags… Pseudo-chiral surfaces have been introduced 20 years 

ago. They consist in assemblies of ring-shaped (omega, U...) plasmonic resonators all oriented in the 

same direction. At their fundamental resonance, the current distribution in the resonators exhibits a 

current loop that induces a local magnetic induction in the middle of the resonator. The description of 

the interaction between the electromagnetic field and the surface must introduce at least a coupling 

constant between the excitation electric field and the magnetic dipole, so-called magneto-electric 

coupling. The presence of the magneto-electric coupling implies that the propagation eigenmodes for 

a light propagating at oblique incidence from the surface are circularly polarized. This effect induces 

optical activity in the far-field which has been detected and characterized in the case of arrays U-

shaped resonators (Fig. 1(a)) [1]. 

Figure 1. (a) SEM image of an isolated U-shaped resonator. (b) Representation of the polarizability tensor 

elements relating the incident field to the point-like moments 

This magneto-electric coupling is persistent at the level of the isolated resonator [2]. High order 

resonances also exhibit electric quadrupole contributions which allow defining a polarizability tensor 

(Fig. 1(b)) describing the full polarization response of the resonators in the far-field (Fig. 1(c)). With 

this knowledge it is then possible to design new metasurfaces that allow to covert images that can be 

revealed only by observation in circularly polarized light.  

[1] N. Guth, B. Gallas, J. Rivory, G. Guida, J. Grand, A. Ourir, C. Jouvaud, R. Abdeddaim, J. de Rosny, Phys. Rev. B 85, 115138 

(2012) 

[2] Julien Proust, Johan Grand, Nicolas Bonod, Bruno Gallas, ACS Photonics 3, 1581-1588 (2016) 
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Evolutionary multi-objective optimization of high-index dielectric photonic
nanostructures

Authors: P. R. Wiecha, A. Arbouet, C. Girard, A. Cuche, A. Lecestre, G. Larrieu, V. Paillard

Photonic nanostructures have attracted increasing attention recently, thanks to the possibility to tailor their optical
response to user-defined needs by adapting their size, shape and material. In particular nanostructures from high-
index dielectric materials recently turned out to be promising low-loss alternatives to plasmonic particles [1]. Via the
geometry of the particle, optical functionalities can be engineered (or “tailored”), including scattering and absorption,
polarization conversion, optical chirality or non-linear effects. Tailoring of optical properties is usually based on
a reference geometry and subsequent variations of this initial design. This approach, however, can be of limited
versatility. In particular, it reaches its limits if sophisticated geometries for complex optical responses are searched.

To overcome these limitations, we tackle the problem in the inverse way: In a first step we define the target optical
response as function of the nanostructure geometry. To determine the optical response of the nanoobject, we use
full-field electrodynamics simulations by the Green Dyadic method. We then optimize the objective function using
an evolutionary optimization algorithm, coupled to the electro-dynamical simulation code.

The approach is suitable not only for single objective problems [2] but also for multi-objective optimization, which we
demonstrate by designing double-resonant dielectric nanoparticles [3]. Explicitly, we optimize silicon nanostructures
such that they provide two user-defined resonance wavelengths for crossed incident polarizations. A great advantage
of this optimization technique is, that it allows the implicit and automatic consideration of technological limitations
like the electron beam lithography resolution. Finally, we experimentally verify the predictions and feasibility of the
evolutionary algorithm by fabricating the nanostructures using state-of-the-art electron beam lithography. Our work
paves the way towards an optimum design of multi-purpose photonic nanostructures within the feasibility limits of
available fabrication technology, as shown in figure 1.

FIG. 1. Evolutionary multi-objective optimization of planar silicon nanostructures: A set of random geometries (on the left)
undergoes a computational cycle of evaluation, selection and reproduction, mimicking evolutionary processes in nature. In
this way, nanostructures can be found which possess complex optical properties. SEM- and dark-field images of optimized
nanoantennas with polarization dependent resonances are shown on the right. They allow to toggle the scattered “color” or
switch between different images via the incident polarization (top: X-polarization, bottom: Y -polarization). Structure sketches
and SEM images are 0.6 × 0.6 µm2, the color-tuning images are 4 × 20 µm2 and the pictographs with CEMES/CNRS logos are
60 × 60 µm2.

[1] Kuznetsov, A. I., Miroshnichenko, A. E., Brongersma, M. L., Kivshar, Y. S. & Luk’yanchuk, B. Optically
resonant dielectric nanostructures. Science 354(6314), aag2472 (2016).

[2] Wiecha, P. R., Arbouet, A., Cuche, A., Paillard, V. & Girard, C. Decay rate of magnetic dipoles near nonmagnetic
nanostructures. Phys. Rev. B 97(8), 085411 (2018).

[3] Wiecha, P. R. et al. Evolutionary multi-objective optimization of colour pixels based on dielectric nanoantennas.
Nature Nanotechnology 12(2), 163–169 (2017).
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Experimental investigation of absorption cross-section and color 
saturation correlation in plasmonic color printing 

Soroosh D. Rezaei1,2, Zhaogang Dong2, Jinfa Ho2, Qifeng Ruan3, Seeram Ramakrishna1 and 
Joel K. W. Yang2,3* 

1 Department of Mechanical Engineering (IMRE), Faculty of Engineering, National 
University of Singapore, 9 Engineering Drive 1, Block EA, #07-08, 1117575, Singapore 
2 Institute of Materials Research and Engineering, Agency for Science, Technology and 

Research (A*STAR), 2 Fusionopolis Way, Innovis, #08-03, 138634, Singapore 
3 Pillar of Engineering Product Development, Singapore University of Technology and 

Design (SUTD), 8 Somapah Road, 487372, Singapore 
* joel_yang@sutd.edu.sg

Plasmonic color generation has evolved rapidly during the last few years, however achieving highly 
saturated colors still remains a challenge [1]. Understanding the correlation between nanostructure 
density and absorption cross-section enables us to find the optimum separation between 
nanostructures in order to achieve sharp colors with maximized saturation [2]. We experimentally 
show how such correlation is employed to realize saturated colors. We fabricated metal-insulator-
metal (MIM) aluminum nanostructures which have large absorption cross-sections that exceed ten 
times the physical cross-section of nanodisks. By tuning the pitch size color saturation can be 
maximized. The pitch size that maximizes the color saturation is accurately predicted by optimum 
pitch relation which relates the absorption cross-section to pitch size.

Figure 1 (a-c) shows the schematic of absorption cross-section circle and unit cell of the array, the 
color palette, and the variations of hue saturation and brightness and the corresponding optimum pitch 
size to maximize the saturation determined by optimum pitch relation [2]. 

Figure 1. (a) Periodic array of disks with diameter d when absorption cross-section area (purple circle with 
diameter d) is equal to unit cell area (dashed line with pitch size Pl). (b) Experimental color palette in reflection 
mode for various gap sizes (g) and disk diameters (c) HSB plot vs. pitch with calculated Pm (minimum pitch), Pl 

(lower bound to optimum pitch), and Pu (upper bound to optimum pitch) for d = 90 nm. 

A wide color gamut was realized by using aluminum MIM nanostructures. Optimum pitch relation 
that can be used to achieve high color saturation based on the absorption cross-section of the 
individual structures [2] was validated against experimental results. 
 [1] A. Kristensen, J. K. Yang, S. I. Bozhevolnyi, S. Link, P. Nordlander, N. J. Halas, and N. A. Mortensen, Nature Reviews 
Materials 2, 16088 (2016). 
 [2] S. D. Rezaei, J. Ho, R. J. H. Ng, S. Ramakrishna, and J. K. Yang, Optics express 25, 27652-27664 (2017). 
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Surface lattice resonances excited in Al nanocylinder arrays in 
the UV, visible and near-infrared spectral regions 

Shunsuke Murai1,2*, Yuki Kawachiya1, Motoharu Saito1, Koji Fujita1 and Katsuhisa Tanaka1 

1 Department of Material Chemistry, Graduate School of Engineering, Kyoto University, 
Kyoto, Japan 

2 PRESTO, Japan Science and Technology Agency (JST), Saitama, Japan
*murai@dipole7.kuic.kyoto-u.ac.jp

In periodic arrays of metal nanocylinder with the periodicity comparable to the optical wavelengths, 
both surface plasmon polaritons (SPPs) and light diffraction can be excited simultaneously. The 
diffracted light propagating on the plane excites SPPs in phase, giving the net response that is stronger 
than the simple sum of each SPP. This hybrid mode thus excited is called surface lattice resonance 
(SLR) or collective plasmonic mode. This hybrid mode has proven useful for many optical 
applications owing to their characteristic field distributions. While an SPP is a localized mode bound 
on the metallic surface, this mode accompanies the electric field that extends to the neighboring 
nanocylinders because of strong radiative coupling. We have been studying the surface lattice 
resonance in the visible [1,2] and UV [3] regions and coupling it to the photoluminescence to direct 
and intensify the photoluminescence (PL). 

In this presentation, we will review our recent works on the PL enhancement coupled with SLRs. 
Hexagonal arrays of Al nanocylinder (periodicity (p): from 150 to 480 nm) were prepared by 
nanoimprint lithography on SiO2 glass substrate (see Fig. 1). The spectral position of SLRs can be 
tuned from  = 310 to 620 nm by p, following the in-plane diffraction condition. 

On the arrays, we deposited Eu3+-containing layer that emits red luminescence upon irradiation with a 
UV light and examined the photoluminescence. By playing with p, we can modify both absorption of 
excitation light and the outcoupling of PL. We demonstrate the intensity enhancement of PL by 
matching the wavelength of SLR with that of the excitation light [3]. We also show the directionality 
tuning of PL by matching the wavelengths of SLRs and PL [1]. We also show some recent data on the 
Al nanocylinder arrays that show resonances at near-infrared regions. 

Figure 1. Scanning electron microscopic (SEM) images of the Al nanocylinder array with the pitch p = (a) 150, 
(b) 200, (c) 330,(d) 480 nm. Scale bars = 500 nm. 

[1] S. Murai et al., APL Photonics 2, 026104 (2017). 
[2] G. Lozano et al., Light: Sci. Appl. 2, e66 (2013). 
[3] Y. Kawachiya et al., Opt. Express 26, 5970-5982 (2018). 
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Metamaterials for Reactive Plasmonic Applications 

Wayne Dickson, Mazhar Nasir, Pan Wang, William Wardley, Anastasiia Zaleska, Margoth 
Cordova-Castro, and Anatoly Zayats 

Department of Physics, Nano-optics and plasmonics, King’s College London, UK 

Plasmonic metamaterials have already made and significant impact as optical sensors due to their 
strong light matter interaction and high sensitivity to variations in the local refractive index1.  In 
this regard, plasmonic metamaterials fabricated with gold nanorods as a basis, have demonstrated 
the ability to detect bio-chemical events,1 ultrasound2 and more recently, hydrogen3 with ultra-
high sensitivity. 

Recently, the focus of the plasmonics community is firmly fixed on optimising the generation 
and harvest of hot-carriers stemming from plasmon decay.  In this presentation I will discuss 
recent work the electrical generation of hot-carriers in self-assembled plasmonic materials via 
electron-tunnelling and their application in gas sensing.4 Furthermore, I will detail recent 
advances in nanofabrication using self-assembled approaches allowing the geometry of the 
individual plasmonic elements to be tailored with high accuracy. These approaches allow the 
fabrication of metamaterials comprised of nanotubes and nanocones, affording nanometric 
control over the dimensions and hence, wide control over the optical properties (absorption, 
field-enhancement), while covering large areas (~cm2). 

Figure 1. (a) Schematic of hydrogen sensor comprised of core(Au)/shell(Pd) nanorods. (b) 
Change in reflectivity of an Au/Pd metamaterial on exposure to 2% H2 in N2. (c) Light emission 
from a tunneling-electron-driven metamaterial (the size of the emission area is approximately 
2mm2). 

1. A. V. Kabashin, P. Evans, S. Pastkovsky, W. Hendren, G. Wurtz, R. Atkinson, R. Pollard, V.
Podolskiy and A. Zayats, Nat Mater, 2009, 8, 867-871.

2. V. V. Yakovlev, W. Dickson, A. Murphy, J. McPhillips, R. J. Pollard, V. A. Podolskiy and A.
V. Zayats, Adv Mater, 2013, 25, 2351-2356.

3. M. E. Nasir, W. Dickson, G. A. Wurtz, W. P. Wardley and A. V. Zayats, Adv. Mater., 2014,
26, 3532-3537.

4. P. Wang, A. V. Krasavin, M. E. Nasir, W. Dickson and A. V. Zayats, Nat. Nanotechnol., 2018,
13, 159-164.
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Ultrafast optical switching of nanoscale phase transition in 
plasmonic nanoantenna-VO2 hybrids  

L. Bergamini 1,2, Bigeng Chen3, Y. Wang3, J.M. Gaskell4, C.H. de Groot3,  
D.W. Sheel4, J. Aizpurua2,  O. L. Muskens3 and N. Zabala1,2* 

1 Department of Electricity and Electronics, UPV/EHU, 48080, Bilbao, Spain 
 2 CFM, CSIC-UPV/EHU and DIPC, 20018, San Sebastian, Spain 

 3 Faculty of Physical Sciences and Engineering, University of Southampton, SO17 1BJ, 
Southampton, UK 

 4 Materials and Physics Research Centre, University of Salford, M5 4WT, Manchester, UK 
*nerea.zabala@ehu.eus 

Hybrid structures combining plasmonic nanoantennas (NAs) with phase change materials offer 
excellent technological oppotunities for active plasmonics, as they can provide very large changes in 
the optical response. Vanadium dioxide (VO2), characterized by a reversible insulator-to-metal 
transition (IMT) at around 68ºC, is a good candidate for this purpose. 

We demonstrate picosecond all- optical switching of the local phase transition in plasmonic NA-VO2 
hybrids, exploiting selective optical pumping and strong resonant field enhancement in plasmonic
hot-spots around the NAs [1]. The resonant antenna-assisted switching is studied with polarization- 
and wavelength-dependent pump-probe spectroscopy in crossed antenna arrays (Fig. 1a,b). The 
pumping excitation is performed with pulses of 9.2  ps at fixed wavelength of 1060 nm, while the 
tuning of the antenna resonance condition is performed via the antenna length. The changes in the 
optical transmission of the hybrids before and after the pumping are explained by a model of antenna 
assisted phase transition in nanoscale regions of VO2 around the NAs. 

Changing the antenna length:
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Improve the spatial-control and energy-efficiency

of the laser-induced IMT by exploiting AuNAs

Gold nanoantennas (AuNAs) are
known to host collective excitations
of the conductive electrons
(plasmons) under illumination in
the Visible-NIR spectrum [1].
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[1] M. Myroshnychenko et al., Chem. Soc. Rev., 9, 1792 (2008).
[2] Z. Yang et al., Rev. Mater. Sc., 41, 337-367 (2011).
[3] J.M. Gaskell et al., Surf. Coat. Techn., 287, 160 – 165 (2016).
[4] FDTD Solutions, Lumerical Inc. (www.lumerical.com).
[5] COMSOL Multiphysics Inc. (www.comsol.com).
[6] O.L. Muskens et al., Light Sci. Appl., 5: e16173 (2016).
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Figure 1. a) He-ion image of Au NAs on VO2 film (Lh , Lv =160-360 nm). b) Sketch of pump-probe 
spectroscopy and simulated NA arrays. c) Simulated T=68º isosurfaces of switched IMT hot-spots. 

The antena-assisted pumping mechanism is succesfully confirmed by three-step simulations, 
combining FDTD calculations of the optical transmission spectra, resonant antenna–mediated 
absorption and heat diffusion to finally identify the thermally switched IMT regions (Fig. 1c), which 
present a different dielectric response at the probing time (50 ps).  

This study is further extended to single NA-VO2 hybrids and dimers, which represent the smallest 
possible switching devices. 

[1] O.L. Muskens et al., Light Sci. Appl. 5, e16173 (2016). 

Friday oral session

Friday oral session 11

A16: Active nanoplasmonics



Enhanced photoelectron emission from aluminum thin film by 
surface plasmon resonance under deep-ultraviolet excitation 

Yoshimasa Kawata*, Hirofumi Morisawa, Atsushi Ono and Wataru Inami* 

Research Institute of Electronics, Shizuoka University, Japan 
*kawata@eng.shizuoka.ac.jp

Surface plasmon polaritons are well known in physics and materials science. The coupling field 
between the collective oscillation of electrons in metal and the evanescent field of photons localizes 
the incident photons, and the electric field on the metal surface is enhanced. Surface plasmon 
resonance (SPR) in the deep-ultraviolet (DUV) region has attracted much attention in recent years. 
DUV light is useful in a wide range of applications such as purification of liquids and gases by 
sterilization, photocatalytic action with titanium oxide, excitation of fluorescence, and 
photolithography. The excitation efficiencies in these applications. 

In this paper, we demonstrate the enhancement of photoelectron emission by DUV-SPR using the 
fourth harmonic of a Nd:YAG CW laser with a wavelength of 266nm and investigated the 
dependence of the photoelectron collection efficiency on the laser power, anode–cathode bias, and 
measurement time [1]. 

Figure 1 shows the experimental setup for excitation in the Kretschmann configuration and the 
detection of photoelectron emission. The a Nd:YAG CW laser with a wavelength of 266 nm is used 
for SPR excitation. The polarized light is irradiated to an Al thin  film on a quartz prism inside the 
vacuum chamber through a quartz window. The electrons emitted from the Al thin film are collected 
by a counter anode. A copper plate is used for the anode, and the distance between the anode plate 
and the Al  lm is set to 1mm.  

(a)     (b)   (c) 
Figure 1. (a) Experimental setup for surface plasmon excitation in DUV region and for photoelectron emission, 
(b) Dependence of photocurrent on the incident laser power and (c) Dependence of emission current efficiency 

on the applied bias between the anode and cathode. 

Figure 1(b) and (c) shows the characteristics of photoelectron emission under DUV-SPR excitation 
for Al and alumina thicknesses of 19 nm and 4 nm, respectively. The incident angle is  fixed at 47.2°, 
and the incident light is p-polarized. Figure 1(b) shows the emission current dependence on the 
irradiated laser power between 0 and 0.3 mW. Figure 1(c) shows the dependence of the photoelectron 
emission efficiency on the applied bias between the anode and cathode. The photoelectron emission 
efficiency is increased by applying a positive bias, and it is saturated at 2.9 nA/mW at 25 V. More 
than 90% of the photoelectrons emitted under DUV-SPR excitation are collected when a bias above 4 
V is applied. 

[1] A. Ono et al. , Journal of Physics D: Applied Physics 48, 184005 (2015) 
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Candidate of Natural Intelligent Device realized by 
optoelectronic and photoisomerization system 

Kazuharu Uchiyama1*, Ryo Nakagomi 1, Takashi Matsumoto 1, Kingo Uchida2, 
Makoto Naruse3, and Hirokazu Hori1 

1 University of Yamanashi, Japan    2 Ryukoku University, Japan    
 3 National Institute of Information and Communications Technology, Japan 

*kuchiyama@yamanashi.ac.jp

Our research is aiming at developing innovative natural intelligent devices conceptually illustrated in 
Fig. 1 that realize non-trivial functionalities such as decision making in uncertain and dynamically 
changing environments. Essence of non-trivial functionalities is based on composite systems with 
different natures. We have experimentally shown that a gold nano-rod array works as a macro-micro 
interface to generate complex patterns through superpositioning of local electric field generated on the 
nano-rods [1]. We have also shown that multi-layered semiconductor quantum well structures have a 
solution searching capability based on excitation transfer with thermal carrier transfer and resonant 
excitation transfer via optical near-field interaction that can be modulated by an external 
electromagnetic field without any complex electrical wiring [2]. In this paper, we propose an 
autonomous natural intelligent device by combining these optoelectronic interaction systems and a 
memory mechanism provided by nanometer-scale local photoisomerization induced in photochromic 
crystal. The basic properties of the latter have been studied by optical-near-field-assisted AFM 
measurements. An arbitrary three-dimensional optical near-field input patterns is realized by 
combining photochromic crystal and gold nano-rods array with nanometer-scale transparent spots 
induced in photochromic crystal. Furthermore, the combination of photochromic crystal and 
semiconductor quantum well structure enables spontaneous generation and arbitrary generation of 
directed signal transfer. In addition, photochromic crystal possibly has a solution searching capability 
by itself through path-searching based on input/output pattern relation observed in SNOM 
measurements [3]. We will report development of observation methods and results on test devices 
combining these building blocks, in which information is complicatedly correlated by optical near-
fields and mechanical distortion in a space within light wavelength. 

Figure 1. Natural intelligent device based on gold nano-rod array as macro-micro interface, multi-layered 
quantum well as solution searching layer, and photochromic crystal as nanometer-scale optical memory. 

This work was supported by JST CREST (Grant Number: JPMJCR17N2), JSPS KAKENHI (Grant 
Number: JP26107012, JP17H01277, JP25286067). 
[1] K. Uchiyama, N. Nishikawa, R. Nakagomi, K. Kobayashi, and H. Hori, Applied Physics A 124, 182 (2018). 
[2] K. Uchiyama, S. Kubota, T. Matsumoto, K. Kobayashi, and H. Hori, Applied Physics A 115, 99 (2014). 
[3] R. Nakagomi, K. Uchiyama, S. Kubota, E. Hatano, K. Uchida, M. Naruse and H. Hori, Applied Physics A 124, 10 (2018). 
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Capped gold nanoslits for backside-reflection plasmonic 

biosensing in multiple well plates  
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A nanostructure-based plasmonic biochip with the same size as standard 96-well plates for backside-

reflection biosensing was proposed and validated through multiple analyses of biological interactions. 

The capped gold nanoslit arrays were fabricated on a polycarbonate plastic film using a rapid hot 

embossing nanoimprint lithography process [1,2]. The optical properties of capped gold nanoslits with 

different structure parameters in backside reflection geometry were studied; their refractive index 

(bulk) and surface sensitivities were verified. By changing the cavity length, the coupling between a 

broadband cavity resonance and a narrowband surface plasmon resonance mode, results in an 

asymmetric Fano resonance in the reflection spectra. The coupling mode is able to enhance the 

surface (wavelength) sensitivity by a factor of 2.4. The bulk and thickness sensitivities were 454 

nm/RIU and 1.14 nm/nm, respectively. The protein-protein interaction experiments verified the 

multiplex sensing capabilities and high sensitivity of the capped nanostructures. Such a multi-well 

plates with backside-reflection geometry allows for sensing with opaque, bubbly or highly scattering 

liquids and benefits multiple sensing applications in the biotechnology and agricultural products. 

Fig. 1: 96-well capped gold nanoslits for backside reflection-type plasmonic biosensing. There are 

two kinds of resonance modes, SPR and localized cavity modes, in the structures. By 

changing the ridge height (H) of structures, the localized modes is shifted and coupled to the 

SPR mode. A Fano resonance is formed in the reflection spectrum. 
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[1] Kuang-Li Lee, Hsuan-Yeh Hsu, Meng-Lin You, Chia-Chun Chang, Ming-Yang Pan1, Xu Shi, 
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On Bernhard Riemann’s General Theory of a Physical Space 
Ulrich C. Fischer  

Goerdelerweg 17, 37075 Göttingen, Germany 

 fischeu@wwu.de 

The famous mathematitian Bernhard Riemann devoted much effort to the development of a theory of 

“a physical space of points, which move in the geometrical space“ [1]. Riemann uses a vectorial variable 

�⃗� , the velocity of the movement which causes gravitational phenomena. The letter "𝑢" stands for 

“Ursache”, which is the german word for cause. �⃗⃗�  is used as the velocity of the motion in empty space 

which causes radiation of light. The letter "𝑤" may express that it stands for “Wirkung” or “Welle“, 

the german words for effect or wave. One set of equations is for the variable �⃗⃗� = �⃗⃗� + �⃗⃗⃗� . “From the 

discovered conditions for �⃗�  and �⃗⃗�  flow the following conditions for 𝑣  or the laws of movement of the 

substance in empty space: 

(𝐼)
𝜕𝑣1

𝜕𝑥1
+

𝜕𝑣2

𝜕𝑥2
+

𝜕𝑣3

𝜕𝑥3
= 0 

(𝜕𝑡
2 − 𝑐𝑐  (𝜕𝑥1

2 + 𝜕𝑥2
2 + 𝜕𝑥3

2 )) (
𝜕𝑣2

𝜕𝑥3
− 

𝜕𝑣3

𝜕𝑥2
) = 0 

(𝐼𝐼) (𝜕𝑡
2 − 𝑐𝑐  (𝜕𝑥1

2 + 𝜕𝑥2
2 + 𝜕𝑥3

2 )) (
𝜕𝑣3

𝜕𝑥1
− 

𝜕𝑣1

𝜕𝑥3
) = 0 

(𝜕𝑡
2 − 𝑐𝑐  (𝜕𝑥1

2 + 𝜕𝑥2
2 + 𝜕𝑥3

2 )) (
𝜕𝑣1

𝜕𝑥2
− 

𝜕𝑣2

𝜕𝑥1
) = 0 

These equations show, that the movement of a point of substance depends only on the movements of the 

adjacent parts of time and space, and their complete causes can be looked for in the influences of the 

environment.” 

In a quantumelectromechanic model of the photon [2], we attribute to a photon propagating in the 

longitudinal z-direction apart from a spin angular momentum 
ℎ

2𝜋
 and an energy ℎ𝑓 a global azimuthal 

torque �⃗� 𝜑 = −
ℎ𝑓

2𝜋
�⃗� 𝜑. By putting

𝑣 = �⃗� 𝜑 = −
ℎ𝑓

2𝜋
�⃗� 𝜑 ⇒ ∇ × 𝑣 = −

ℎ𝑓

2𝜋𝑟
�⃗� 𝑧

and inserting ∇ × 𝑣  into (II) we obtain 

(𝜕𝑡
2 − 𝑐2Δ)

ℎ𝑓

2𝜋𝑟
�⃗� 𝑧 = 0

Our photon model thus turns out to be a special solution of Riemann’s equations for a single photon 

propagating in an otherwise empty space. We thus arrive at the description of elementary 

electromagnetic waves by a vector potential ∇ × 𝑣  which is related - but not identical - to the Hertz 

Vector potentials. 

In contrast to Riemann‘s own opinion, his theory was considered to be incomplete and speculative (see 

comment of H.Weber1). We have, however, the impression, that this is not the case and that his theory 

provides the missing link for a unified theory of gravitation and electromagnetism.  

[1] Quotations translated from: Bernhard Riemann. “Fragmente philosophischen Inhalts.” In:  Bernhard Riemann’s 

gesammelte mathematische Werke und wissenschaftlicher Nachlass, Weber, H., Dedekind (Eds.) Teubner: Leipzig (1876), 

475-506;. For a translated version see: Riemann, Bernhard:Collected papers. Translated from the 1892 German edition by 

Roger Baker, Charles Christenson and Henry Orde. Kendrick Press, Heber City, UT, 2004. 

[2]U.C. Fischer,arXiv:1509.06447 [physics.gen-ph] (2016), revised and extended version to be published. 
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“Flying” Nanoparticles in RF trap  
Johann Berthelot1* and Nicolas Bonod1  

1 Aix Marseille Univ, CNRS, Centrale Marseille, Institut Fresnel, Marseille, France 
*johann.berthelot@fresnel.fr

Measuring and controlling light-matter interactions at the nanoscale is critical for many 

applications affecting both science and society, ranging from disease detection and treatment 

to quantum-based information science. Particle colloids exhibit very interesting properties to 

achieve enhanced light matter interactions at the nanoscale but their control and position at 

such scales is very challenging.  

We developed a novel method for manipulating and measuring optical properties of levitating 

nano-objects based on Paul traps, also called Radiofrequency (RF) traps. Originally 

developed for manipulating ions1, this technique of levitation has been recently introduced to 

levitate nano-objects2–5. However conventional RF traps are bulky and offer low optical 

access. In the 2000’s the extension of this trapping technique with planar electrodes has 

offered novel opportunities for the levitation of charged objects6–8.  

We used a planar radiofrequency trap in order to manipulate one or more electrically charged 

objects (cf. figure 1a). The topology of the trap is controlled by the geometry of the 

electrodes, the amplitude and the frequency of the applied voltages. The set-up allowed us to 

perform optical spectroscopy of individual gold particles with sizes ranging between 80 nm 

and 200 nm and to monitor the localized plasmon resonance of these “flying” particles. 

Additional DC electrodes offer a tight and dynamic control of the particle trajectory in the 3 

dimensions of space (cf. figure 1b).  

We believe that RF levitation will pave the way to new applications in nanoscience, and 

particularly in nano-optics, nano-electronics and nano-magnetism. 

Figure 1. a) Image of a planar RF trap. Inset: photo captured with a webcam camera of a gold particle 

levitating above the planar electrode. b) Schematic of the electrical 3D manipulation of a levitated trap object 

with and RF planar trap. Inset: Image of a levitating nanoparticle describing a 2D star trajectory. 

1. W. Paul, Rev. Mod. Phys. 62, 531–540 (1990).

2. I. Alda, J. Berthelot et al., Appl. Phys. Lett. 109, (2016).

3. T. Delord et al., Phys. Rev. A 96, 63810 (2017).

4. A. Kuhlickeet al., Appl. Phys. Lett. 105, 73101 (2014).

5. P. Nagornykh et al., Appl. Phys. Lett. 106, 244102 (2015).

6. C. E. Pearson et al., Phys. Rev. A - At. Mol. Opt. Phys. 73, 1–12 (2006).

7. C. Pearson, Theory and application of planar ion traps. (2006).

8. T. H. Kim et al., Phys. Rev. A - At. Mol. Opt. Phys. 82, 1–9 (2010).
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Potential mapping with an optically levitated nanoparticle at sub-

micrometer distances from a dielectric surface  
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Levitated optomechanical systems are excellent candidates for future optomechanical sensing technologies 

operating at the limits set by our current understanding of physics [1]. They offer outstanding potentials for 

sensing of static [2], resonant [3], inertial [4] but also fundamental forces. To harvest these potentials via on-

chip integration, controllably positioning a vacuum-levitated object at nanometric distances from a surface is 

crucial. Additionally, our technique can be utilized for studying short-range forces in yet unexplored regimes. 

We trap a particle in front of a membrane and measure its center-of-mass motion as we decrease the distance 

between the particle and the membrane. The oscillation frequency of the nanoparticle provides a measure for 

the trap stiffness created by the interference between the trapping laser and its reflection from the membrane, 

as shown in Fig.1. Simultaneously, we independently measure the distance between the particle and the 

membrane with an interferometric technique. We record the scattering pattern of the particle in front of the 

surface as back-focal-plane images. The intensity distribution carries the information about the particle-to-

surface distance. 

Figure 1. Measured power spectral density of the center-of-mass motion of the particle, for varying surface-to-focus 

distances while we approach the membrane towards the particle. Inset : Sketch of the optical potential along the optical 

axis, illustrating the multiple wells created by interference of the trapping laser with its reflection from the membrane. 

Our experiments mark an important step towards exploiting the outstanding force sensitivity of levitated 

optomechanics for the characterization of short-range forces, such as Casimir forces, non-contact friction and 

non-Newtonian gravity [5].  

The authors acknowledge the financial support from ERCQMES (Grant No. 338763) and the NCCR-QSIT 

program (Grant No. 51NF40-160591). 

[1] Z.-Q. Yin, A. Geraci, and T. Li, Int. J. Mod. Phys. B 27, 1330018 (2013). 

[2] E. Hebestreit, M. Frimmer, R. Reimann, and L. Novotny, arXiv 1801.01169 (2017). 
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Micro-drone driven by plasmonic nanomotors 
based on optical spin-orbit interaction 

Xiaofei Wu, Thorsten Feichtner, Gary Razinskas and Bert Hecht* 

Experimental Physics V and Wilhelm Conrad Röntgen Research Center 
 for Complex Material Systems, University of Würzburg, 

Am Hubland, 97074 Würzburg, Germany 
*hecht@physik.uni-wuerzburg.de

Light-induced forces due to photon momentum transfer have numerous fascinating technological and 
scientific applications. Plasmonic nanostructures exhibit resonantly enhanced scattering and 
absorption cross-sections and can therefore be used to produce significant optical forces. Here, we 
propose efficient plasmonic nanomotors that feature strong optical spin-orbit interaction, i.e., the 
direction of the enhanced scattering is dependent on the spin of the incident photons. Through the 
resulting helicity-dependent unidirectional momentum transfer, the nanomotors can generate thrust 
forces in different directions when illuminated by a circularly polarized light.  

We demonstrate that a micro-drone containing several of nanomotors (Figure 1) can be steered in a 
liquid by tuning the helicity of light. Using such nanomotors, we expect to realize micro-drones that 
can be driven and controlled by light featuring multiple degrees of freedom and low excitation 
intensity so that they could be used for novel types of applications, for instance, scanning probes at 
liquid-solid interfaces, or transport and processing of functional cargo attached to the micro-drones.  

Figure 1. Optical micrograph of a few of different types of micro-drones released in a liquid. 

The authors acknowledge the financial support from Volkswagenstiftung. 

Friday oral session

Friday oral session 18

B16: Optical forces & trapping



Are electron tweezers possible for
dielectric nanoparticles?

Alejandro Reyes-Coronado
*, José A. Castellanos-Reyes,

Jesús Castrejón-Figueroa and Carlos A. Maciel-Escudero

Physics Department, Science School, National Autonomous University of Mexico, México.

Electrons have been used since many decades ago to gain information about electronic
structure of materials. Nowadays, the use of scanning transmission electron microscope
(STEM) machines is widely spread in several areas besides physics, and they have proved

to be a fundamental tool, in particular for plasmonics. We have studied the interaction between
swift electrons, likes those typically used in STEMs, and plasmonic nanoparticles (NPs), and
we have shown that it is possible to induce forces on a small metallic NP (2-3 nanometers in
radius)1. Depending on the relevant parameters such as impact parameter and electron velocity, it
is possible to move the NP towards the electron beam or away from it, opening the possibility of
moving plasmonic NPs in a controllable way, what has been denoted as electron tweezers.2

For electrons traveling in the nearby of a neutral metallic NP, what is intuitively expected is an
attractive interaction between the electron and the positive induced charge in the closest region
of the NP respect to the electron trajectory. We have shown that this is the case for large enough
impact parameters, where the localised surface dipolar plasmon is mainly excited. However, for
small enough impact parameters, where the dipolar plasmon mode of the NP is not the strongest
excited mode, the higher-energy multipolar modes play a predominant role.3 Under this scenario,
we showed that the interaction between the electron and the NP turns out to be repulsive, that is,
the electron beam expels the NP away. Thus, by controlling the impact parameter of the electron
beam respect to the NPs, it is possible to induce attractive forces that triggers coalescence between
pairs of particles, as it has been observed and studied experimentally,4 or avoid that two NPs
approach to each other. Although several processes might be present in the experiment, such as
secondary electron emission, surface charging and thermal effects, the repulsive behaviour of the
momentum transfer from the electron to the plasmonic NPs at small impact parameters, in the
relativistic regime, was predicted by theoretical electrodynamics calculations and later observed
experimentally.1 We have recently studied the forces experienced by a NP due to the presence
of the electron as a function of time, and we found that there are two main time-scales relevant
to the problem of momentum transfer from a relativistic electron to a plasmonic NP.5 In the
attosecond range, there is a coulombic interaction between the traveling electron and an incipient
induced charge and current within the particle, which lags behind due to retardation effects in
the electromagnetic response of the NP, giving rise to a wake-like structure. In the femtosecond
regime, the electron is far away from the NP since it travels at relativistic speed, and the induced
charge and currents give rise to the formation of plasmons within the NP. One mechanism of
plasmon decay is radiating electromagnetic field (carrying momentum with it) and, as a reaction
of radiation, the NP recoils.

In this talk, I will present recent findings regarding the forces experienced by a dielectric NP in
the presence of a swift electron, and discuss the possibility to extend the electron tweezers concept
to dielectric nanoparticles.

*e-mail: coronado@ciencias.unam.mx
1A. Reyes-Coronado, et al., Phys. Rev. B 82, 235429 (2010); P. E. Batson, A. Reyes-Coronado, et al., Nano Lett. 11, 3388

(2011).
2V. P. Oleshko, J. M. Howe, Ultramicroscopy 111 (11) 1599 (2011).
3 T. L. Ferrel, P. M. Echenique, Phys. Rev. Lett. 55, 1526 (1985); F. J. García de Abajo and A. Howie, Phys. Rev. Lett. 80,

5180 (1998).
4 P. E. Batson, Microsc. Microanal. 14, 89 (2008).
5M. J. Lagos, A. Reyes-Coronado, et al., Phys Rev. B 93 205440 (2016).
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Dielectrophoresis-enhanced plasmonic trapping 
M. Riccardi1, O. J. F. Martin1* 

1 Nanophotonics and Metrology Laboratory, Swiss Federal Institute of Technology Lausanne 
(EPFL), 1015 Lausanne, Switzerland, 

*olivier.martin@epfl.ch

Of all the properties that have made plasmonic dipole nanoantennas such an attractive structure for 
nanophotonics, the most relevant is arguably their ability to confine electromagnetic radiation on a 
sub-wavelength scale, thus beating the diffraction limit. Normally, under an external optical 
illumination, plasmonic modes are excited in the metal nanostructure and radiation is emitted in the 
near field. In a dipole nanoantenna, this radiation is confined in the antenna’s gap that, using top-
down fabrication methods, can be designed to be only a few nanometers wide. The great field gradient 
that is therefore created around the gap can be used to trap and sense nanoparticles in a solution [1]. 
Unfortunately, the diffusion-limited nature of this process is a great drawback. In this presentation, we 
will show that this limitation can be overcome by employing dielectrophoresis (DEP) to first 
concentrate the analyte around the antennas before optical trapping takes over in the near field. 
Theoretical calculations hint at the feasibility of this process, but an experimental implementation has 
yet to be realized [2]. In this work, we will demonstrate the development of a platform where DEP-
enhanced plasmonic trapping is realized. Preliminary results show that concentration of 1 µm 
polystyrene beads between triangle-shaped DEP electrodes is easily achievable (see Figure 1). Placing 
plasmonic dipole nanoantennas between these electrodes will greatly enhance the trapping dynamics, 
making such a device an attractive alternative to other more conventional trapping techniques and 
paving the way for plasmonic sensing at ultra-low analyte concentrations. 

Figure 1. DEP trapping of 1 µm polystyrene beads using a 10 V bias at 800 KHz. 

The authors acknowledge the financial support from an ERC Advanced Grant. 

[1] W. Zhang, L. Huang, C. Santschi, and O. J. F. Martin, Nano Letters 10, 1006-1011 (2010).
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Force microscopy in a standing wave optical trap and 

enantiomeric recognition of single chiral nanoparticles 
Gabriel Schnoering

1*
, Cyriaque Genet

 1

1
 ISIS & icFRC, University of Strasbourg and CNRS, 

8 allee Gaspard Monge, 67000 Strasbourg, France. 
*
gabriel.schnoering@pi1.physik.uni-stuttgart.de 

We build a standing wave optical tweezer able to trap single metallic particles at the nanometer scale. 

We first use it to confine the motion of chiral nanoparticles in water and also incorporate within the 

trap a polarimetric setup that allows performing in situ chiral recognition of single enantiomers. This 

is done by measuring the S3 component of the Stokes vector of a light beam scattered off the trapped 

nanoparticle in the forward direction. 

This unique combination of optical trapping and chiral recognition, all implemented within a single 

setup, opens new perspectives towards the control, the recognition and the manipulation of chiral 

objects at nanometer scales. 

We then exploit the same setup to perform an optical force microscopy experiment. Our configuration 

allows trapping metallic nanospheres around 150 nm that act as highly sensitive probes for radiation 

pressure. The microscope operates in a dynamic mode involving a combination of measurement 

methods based on power spectral and lock-in detections of the force signals. An Allan deviation-

based stability analysis of the setup leads to identify the optimal measurement bandwidth over which 

the microscope is thermally limited. We thereby demonstrate an optical force resolution below 4 fN 

with a sub-angstrom position resolution in water at room temperature. 

The combination of these two experiments paves the way to manipulating chiral matter at the single 

particle level. 

Figure 1. S3 Stokes measurements for two dispersions of chiral NPys of opposite handedness. The red points 

correspond to different chiral right + NPy labeled from 1 to 3 while the blue points are 3 different left - 

enantiomers. Error bars represent the standard deviation in measuring the S3 parameter of each 

trapped NPy. The signal clearly exhibits non overlapping intensity differences between the +/- enantiomers. 
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Optical Trapping with 8 nm Plasmonic Coaxial Apertures 

Daehan Yoo1†, Gurunatha Kargal Laxminarayana2†, Daniel A. Mohr1, Han-Kyu Choi1 

Reuven Gordon2,*, and Sang-Hyun Oh1 

1 Department of Electrical and Computer Engineering, University of Minnesota, Minneapolis, 

Minnesota, 55455, United States 

2 Department of Electrical and Computer Engineering, University of Victoria, Victoria, BC, 

V8P5C2, Canada 

*rgordon@uvic.ca

Optical tweezers provide a manner of manipulating small particles with light. Nanoaperture optical 
tweezers allow for trapping nanoscale particles with low intensity [1]. Such apertures are even 
capable of trapping single proteins; however, past approaches require challenging fabrication [2]. 
Coaxial apertures have been proposed as being able to trap nanoparticles in the single digit nanometer 
range [3].  

We demonstrate the ability to trap and detect nanoparticles and proteins using coaxial apertures in a 
metal film. The fabrication method allows for high-throughput production of large-scale samples with 
multiple trapping sites. The coaxial structures are tuned to the trapping laser source and allow for 
efficient trapping of proteins with low incident powers. 

Figure 1. Trapping of a protein using coaxial aperture with 8-nm gap fabricated by high-throughput approach. 

This research was supported by the U.S. National Science Foundation (ECCS 1610333 to D.Y., H.-
K.C., S.-H.O.) and NSERC CRD (Grant No. 469469-2014 to G.K.L. and R.G.). D.A.M. 
acknowledges the National Institutes of Health Biotechnology Training Grant (NIH T32 GM008347). 
Device fabrication was performed at the Minnesota Nanofabrication Center at the University of 
Minnesota, which receives partial support from NSF through the National Nanotechnology 
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Coordinated Infrastructure (NNCI). Electron microscopy measurements were performed at the 
Characterization Facility, which has received capital equipment from NSF MRSEC. 

[1] Juan, M. L.; Gordon, R.; Pang, Y.; Eftekhari, F.; Quidant, R. Nature Phys. 2009, 5, 915–919. 
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