N
N

N

HAL

open science

Exploring the Magnetic and Electric Side of Light
through Plasmonic Nanocavities
Cyrine Ernandes, Hung-Ju Lin, Michel Mortier, Patrick Gredin, Mathieu
Mivelle, Lionel Aigouy

» To cite this version:

Cyrine Ernandes, Hung-Ju Lin, Michel Mortier, Patrick Gredin, Mathieu Mivelle, et al.. Exploring
the Magnetic and Electric Side of Light through Plasmonic Nanocavities. Nano Letters, 2018, 18 (8),

pp.5098 - 5103. 10.1021/acs.nanolett.8b01956 . hal-01872523

HAL Id: hal-01872523
https://hal.sorbonne-universite.fr /hal-01872523

Submitted on 12 Sep 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.sorbonne-universite.fr/hal-01872523
https://hal.archives-ouvertes.fr

Exploring the magnetic and electric side of light

through plasmonic nanocavities

Cyrine Ernandes g I’ Hung-Ju Linf, Michel Mortier§, Patrick Gredin® £, Mathieu Mivelle”" and
Lionel Aigouy*"

'Sorbonne Université, CNRS, Institut des NanoSciences de Paris, UMR 7588, 75005 Paris,
France

iLPEM, ESPCI Paris, PSL Research University, CNRS, Sorbonne Université, 75005 Paris,
France

YInstitut de Recherche de Chimie Paris, IRCP, NSCP Chimie ParisTech, 75005 Paris, France

“Sorbonne Université, Faculté des Sciences, UFR 926, 75005, Paris, France

ABSTRACT. Light-matter interactions are often considered to be mediated by the electric
component of light only, neglecting the magnetic contribution. However, the electromagnetic
energy density is equally distributed between both parts of the optical fields. Within this scope,
we experimentally demonstrate here, in excellent agreement with numerical simulations, that
plasmonic nanostructures can selectively manipulate and tune the magnetic versus electric
emission of luminescent nanocrystals. In particular, we show selective enhancement or decay
of magnetic and electric emission from trivalent europium-doped nanoparticles in the vicinity
of plasmonic nanocavities, designed to efficiently couple to either the electric or magnetic
emission of the quantum emitter. Specifically, by precisely controlling the spatial position of
the emitter with respect to our plasmonic nanostructures, by means of a near-field optical
microscope, we record local distributions of both magnetic and electric radiative local densities
of states (LDOS) with nanoscale precision. The distribution of the radiative LDOS reveals the
modification of both the magnetic and electric optical quantum environments induced by the
presence of the metallic nanocavities. This manipulation and enhancement of magnetic light-
matter interaction by means of plasmonic nanostructures opens up new possibilities for the
research fields of opto-electronics, chiral optics, nonlinear&nano-optics, spintronics and

metamaterials, amongst others.
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TEXT. The constant advances in nanophotonics have recently led to the development of optical
nanostructures allowing to manipulate the emission of fluorescent emitters at the nanoscale.'™
However, the underlying interactions between quantum emitters and photonic nanostructures
have often been assumed to be only mediated by the optical electric field, discarding the
magnetic component of light.” Indeed, at optical frequencies, magnetic dipole (MD) transitions
are at least two orders of magnitude weaker than electric dipole (ED) transitions.®® For this
reason, most of the past studies involving single emitters (molecules *'' or quantum dots '* %)
have solely been focused on the modification of the excitation or emission properties of ED

transitions. '+

Recently, it was shown that strong MD transitions could as well be found in a certain class of
metallic materials such as rare earth ions.'”* Researchers have thus naturally explored the
manipulation of the excitation and emission of the MD transitions from these ions.”* In
particular, in trivalent europium (Eu’"), it was demonstrated that by using a simple metallic
surface, spontaneous emission of a MD transition could be manipulated in the same way as an
ED transition in the visible range.”" * In particular, we previously demonstrated that by
changing the distance between a nanoparticle containing electric and magnetic dipolar
transitions and a gold strip of micrometer size, we could engineer their respective electric and
magnetic emission,”’ in the same way it was predicted and demonstrated by K. H Drexhage™
and Chance et al.'* This approach Nevertheless, in order to go further in the engineering of the
interactions between magnetic light and matter, it is necessary to design nanostructures
allowing to boost these interactions.’’™ Along those lines, we recently demonstrated for the
first time how dielectric nanoantennas were able to enhance the magnetic emission of quantum
emitters® and researchers have demonstrated, through assemble measurements, that metallic
nanostructured films could promote the transmission of magnetic emission.”® But so far, only
theoretical works have studied and demonstrated the ability of single plasmonic
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nanostructures to manipulate the spontaneous emission of MD transitions by manipulating

the magnetic LDOS at the nanoscale.



In this article, by coupling a nanocrystal that holds strong intrinsic magnetic and electric dipole
transitions to plasmonic nanostructures, we experimentally demonstrate the manipulation of
magnetic and electric light emission, in excellent agreement with numerical simulations. To
this end, we consider the near field interaction between plasmonic cavities and a single Eu®'-
doped nanoparticle. While our previous study” demonstrated manipulation of electric and
magnetic emission in a longitudinal plane of a gold mirror, we showed in here that the
luminescence associated to magnetic and electric transitions of the emitters can be modified
and manipulated in the same way by changing the lateral position of the particle inside
nanostructured plasmonic cavities. Moreover, by scanning the particle over the nanostructures,
we recover from the experimental data the spatial distribution of the electric and magnetic

relative radiative local densities of state (EMLDOS) at the surface of the cavities.

In order to find the appropriate parameters for which a plasmonic cavity can efficiently modify
the electric and magnetic transitions of Eu*" nanocrystals, we first carried out Finite Difference
Time Domain (FDTD) numerical simulations to explore the evolution of the electric and
magnetic branching ratios for different types of cavities (see supporting information). To
simplify the problem, we focused on linear, one-dimensional structures, formed by parallel
grooves in a thin metal film. We show in Figure 1a the evolution of the electric and magnetic
branching ratios ((relative weight of each transition (see supporting information)) for isotropic
electric and magnetic dipoles centered on a cavity of variable length. In here, the relative
experimental strength of each transition is not yet considered. The highest variations of the ED
and MD transitions occur for cavity lengths of 230 nm, 570 nm and 870 nm, which correspond
to the situation for which the nanoemitters are efficiently coupled to it. Based on these
numerical simulations, we designed and nanofabricated (see supporting information) two
cavities with lateral lengths of 570 nm and 870 nm, corresponding to the maximum coupling of
the ED and MD transitions in their centers, respectively. Figure 1b depicts a scanning electron
microscope (SEM) image of both plasmonic cavities (see supporting information for

nanofabrication details).
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Figure 1. (a) Theoretical branching ratios associated with magnetic (green) and electric (red)
isotropic dipoles, placed in the center of a cavity made of a 40 thick layer of aluminum and of
variable length (see supporting information). In here, the value of 230 nm will not be considered
in this study. Indeed, the size of the europium-doped nanocrystals (see supporting information)
is only slightly smaller, so only weak spatial variations could be expected for these structures
due to average effects. (b) SEM image and schematic of the nanofabricated sample. Each cavity

length is indicated above the image.

To study the interaction between the plasmonic cavities and the europium emitter, we used the
experimental setup shown in Figure 2a. It consists of a sharp atomic force microscope (AFM)
tip with a single Eu’" doped nanocrystal attached at its extremity (inset in Figure 2a). The tip is
positioned in close proximity to the plasmonic nanostructures and both the tip and the sample
are illuminated by a continuous 532 nm laser focused at oblique incidence (see supporting

information).

The photoluminescence emission spectrum of the Eu’" nanocrystal far away from the surface
and its associated band diagram are shown in Figure 2b and c. We can distinguish the three
fundamental emission lines associated to the different electric transitions (ET) or magnetic

transition (MT) in the nanocrystal:** the MT(1) °Do— 'F, from 580-600nm, the ET(2) *Dy
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— 'F, from 600-625nm and ET(3) Dy —> F4 from 685-705nm. It is important to mention
that, for the present work we will ignore the contribution of the last ET (3). Since it is well
separated from the higher energy ones, it was found to be weakly influenced by the
environment, as observed in previous studies.”” And because we chose to focus mainly on the
spectrally close magnetic (MT(1)) and electric (ET(2)) dipolar transitions, in this study, all other
decay channels from Dy to the ground state, including ET(3), are considered as losses. Using
this spectrum recorded in far field, we then calculated the effective values of the oscillator
strengths of MT (1) and ET (2), found to be respectively 0.33 and 0.67. These values will be
then considered later on in the simulations, in order to quantitatively compare our experimental

and theoretical results.
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Figure 2. (a) Schematic of the near field experimental setup. An AFM tip holding a single Eu®"
doped nanoparticle (150-200 nm diameter, see Figure S1 in the supporting information) is
scanning a plasmonic nanocavity at a constant distance of about 20 nm. Both the particle and
the cavity are excited by a 532 nm laser, and for each position of the emitter with respect to the
nanostructure, a spectrometer is recording the emission spectrum of the nanosource. Inset: SEM
image of a single nanocrystal doped with Eu®" and attached at the apex of a tungsten AFM tip.
(b) Partial band diagram of the Eu’" ions. (¢) Emission spectrum of the Eu®* doped nanoparticle

recorded in far field.

Using the setup described in Figure 2a, we then scanned the cavities shown in Figure 1b with a
Eu’*-doped nanoparticle and measured its emission spectrum at every position above the
structures. Before quantitative analyzing the variations of each photoluminescence lines
separately, we show in Figure 3a and ¢ the evolution of the distribution of the total nanocrystal
photoluminescence on the surface of the cavities. The excitation being made through an electric
dipolar transition (A = 532 nm),”* these distributions are strongly related to the intensity of the
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electric near field located at the surface of the cavity and exciting the particle at this wavelength.
This is corroborated by numerical simulations displayed in Figure 3b and d and obtained by
exciting the cavities at A = 532 nm by an incident plane wave launched from the upper side of
the cavities, with an angle of 70 degrees with respect to the normal of the sample and with a
TM polarization. The variations of the collected signal along the scanned area are in fairly good
agreement with the simulations, and the maxima and minima of photoluminescence correspond
well to the ones of the total theoretical electric field intensity. However, there are some
differences, which can be attributed to the presence of the tip and the particle which were both
not taken into account in the simulations. The observed optical oscillations indicate that the
particle is placed in close enough proximity to the surface since it senses the stationary surface
plasmon waves located inside the cavities. In Figure 3e and 3f, we show the normalized
emission spectra of the nanocrystal at two different positions of the cavities indicated by colored
dots in Figure 3a and 3c. These spectra exhibit two peaks associated to the magnetic (labeled
by an M) and electric (labeled by an E) dipole transitions of the Eu®", respectively. As it can be
seen, the spectra do not overlap perfectly according to the particle position inside the cavities.
This result indicates that the relative importance of the magnetic and electric dipolar transitions
(MT and ET) of the europium ions can manipulate only by changing the particle position inside

the nanostructures.
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Figure 3. Two-dimensional distribution of the total collected photoluminescence (a,c) and total
simulated electric intensity (A = 532 nm) (b,d) in the cavities plane, for the cavity lengths of
570 nm (a,b) and 870 nm (c,d). (e,f) Normalized emission spectra of MT (1) and ET (2)
measured at two different positions inside each cavity lengths, (¢) 570 nm and (f) 870 nm, in

each case along the same transversal dashed line and indicated by blue and pink dots in (a,c).

To evaluate the relative contribution of the electric and magnetic transitions to the total
luminescence, we then calculated the branching ratios (™) associated to these transitions.
Experimentally, the relative weight of the MT (™) and ET (3¢) along the plasmonic structures

are calculated as:*>?’

e,m — Ie'm(P)
B (p) =1— (D

where p is the position of the particle along the cavity, [*™ is the luminescence intensity of the

electric (I®) or magnetic (I™) transition and I ;; is the total luminescence intensity.



We show in Figure 4a and c the evolution of the experimental electric and magnetic branching
ratios for both cavities. These curves were obtained by averaging 20 scans along the plasmonic
nanostructures (x-direction). The corresponding theoretical calculations of the branching ratios
are displayed in Figure 4b and d (see supporting information). We can observe an excellent
agreement between the numerical simulations and the experimental data: the spatial
oscillations, the maxima and the minima of 3¢ and ™ are all located, for each case, at the same
positions inside the cavities. Meanwhile, in accordance with the result displayed in Figure 1,
the small cavity exhibits a maximum value of 3¢ in its center whereas the large cavity shows
an opposite behavior, namely, a maximum value of ™ in the center (see supporting
information for more examples). The small differences in amplitude between the experiments
and the simulations are attributed to the presence of the tip inside the cavities, which might
slightly change their behavior. Another example shown in Figure S3, made with another tip and
particle but in the same experimental conditions, exhibits as well a variability in the amplitude
with respect to Figure 4. This indicates that the probe is indeed most likely the variable factor

causing this fluctuation.



Q
lon

Experiments Theory
0.57 0.47 =z =
° 1 " I 5 o 0.64 0.47 5
E T 0.56 0.46 3 © 0.62 0.45 3
5 £ o £ 0.60 043 o
I [} = 5] =4
- 505 0455 S 0.58 0413
> =
=2 Q9 = Qo =)
> 3 =]
3 £ 0.54 044 @ 2 0.56 0-39 =
3 R : g 8 0.54 037 8
iN] o 1] (]
0.53 0.43 0.52 0.35
100 200 300 400 500 0 100 200 300 400 500
Position (nm) Position (nm)
c d
0.57
o = o 0.62 0.45 5
E §056 g 2 <
S o o8 o o8
~ c o 2 0.60 043 &
el 5 § 0.58 0.41 §
2 Sos4 S 5 -
& 2 3 L E
(&) B 0.53 3 8 0.56 0.39 5
L o | .
0.52 . 0.54 0.37
0 200 400 600 800 0 200 400 600 800
Position (nm) Position (nm)

Figure 4. Magnetic and electric branching ratios. (a,c) Experimental branching ratios associated
with magnetic (green) and electric (red) transitions of the Eu®" according to the nanoparticle
positions inside the 570 nm (a) and 870 nm (c) long cavities. The red and green dots represent
the experimental data, the full line is a polynomial fit and the error bars represent the standard

error of the mean. (b,d) Numerical counterparts of (a,c) respectively.

These results clearly demonstrate that the electric and magnetic emission of trivalent europium
ions can be manipulated, in a controlled manner, by means of plasmonic nanostructures. The
different emission behaviors of the electric and magnetic transitions, given by the branching
ratios, are due to the non-spatial overlap of the electric and magnetic radiative LDOS at the
cavities surface. To illustrate this relationship, we calculated the relative contribution of the
electric and magnetic components of the radiative LDOS using the values of the experimental

branching ratio, as we previously described in:*

Be,m. fm.e

= Be,m_ fme 4 Bm,e_ fem

e,m

p (2)

10



where p®™ are the electric (p®) or magnetic (p™) relative radiative LDOS and f*™ are the
oscillator strengths for the electric (f® = 0.67) or magnetic (f™ = 0.33) transitions respectively

(calculated in far field (Figure 2c¢)).

The spatial distributions of the radiative magnetic local density of state (further referred as
MLDOS) and the radiative electric one (further referred as ELDOS) in the cavities plane are
displayed in Figure 5 a-d. As expected, the ELDOS and MLDOS do not overlap in the cavities
plane, and exhibit several maxima and minima situated at different positions. In Figure 5e and
5f, we show the evolution of the experimental ELDOS and MLDOS by averaging 20 scans
along the cavities. Although these curves seem similar to those already shown in Figure 4a and
4c, they represent the electric and magnetic radiative LDOS inside the cavities and are
independent of the oscillator strengths of the transitions and therefore from the emitter
considered. Thus, they are directly related to the electric and magnetic optical quantum

environment of the nanocavities.
These results highlight the ability of such nanostructures to influence and tune the emission of

rare-earth ions, by maximizing or minimizing either the electric or magnetic LDOS at different

locations in their near-field.
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Figure 5. Radiative local density of state. 2D experimental maps of the radiatives (a,b) MLDOS
and (c,d) ELDOS in the plane above the 570 nm (a,c) and 870 nm (b,d) long cavities. (e,f)
Experimental magnetic (green) and electric (red) radiative LDOS for each cavity lengths, (e)
570 nm and (f) 870 nm. Dots are the experimental data, full lines represent a polynomial fit and

the error bars are the standard error of the mean.

In summary, we demonstrated experimentally, in excellent agreement with numerical
simulations, that the emission of a single Eu’" doped nanocrystal that contains magnetic and
electric transitions, can be perfectly manipulated and controlled by plasmonic cavities.
According to the position of the trivalent europium nanoparticle inside the nanostructures, we
showed that both ED and MD transitions emission can be manipulated with an increase, or
alternatively a decrease, of their respective near-field luminescence. Furthermore, we retrieved
the spatial distribution of radiative electric and magnetic parts of the local density of state at the
surface of the cavities, which is a fundamental quantum characteristic of these structures. This
study shows that the magnetic part of light can be engineered in the same way as its electric
counterpart using metallic nanostructures and we are confident that this work will pave the way
for the design of new plasmonic geometries enabling the boost of magnetic light and matter
interactions, allowing applications in fields as diverse as spintronics, photochemistry,”

sensing,”’ molecular chirality >* amongst others.
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