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ABSTRACT: Magnetic dipole transitions in matter are known to be orders of
magnitude weaker than their electric dipole counterparts. Nanophotonic and
plasmonic structures have the potential of strongly enhancing the optical magnetic
fields in the near field, making these nanostructures ideal candidates to control and
enhance the emission of magnetic dipole transitions. Here we theoretically investigate
the potential of resonant optical nanoantennas based on diabolo and on metal−
insulator−metal diabolo configurations to strongly modify the magnetic dipole of
emitters. We find that both configurations provide unprecedented 102- to 103-fold
enhancement of the total and the radiative decay rates of a magnetic dipole moment.
We show that these two nanoantennas have opposed effects on the quantum yield of
the magnetic dipole, translating into different antenna efficiencies. Furthermore, by
using a magnetic dipole moment as a theoretical optical nanosensor, we numerically
mapped the behavior of the magnetic local density of states (MLDOS) in the entire plane close to the diabolo nanoantenna. We
demonstrate the strong confinement and local enhancement of the MLDOS by the nanoantenna. As such, these results
underscore the unique ability of optical nanoantennas to control light emission from magnetic dipoles, opening new
technological avenues in the magneto-optical domain.
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The interaction between light and matter is widely
considered being solely mediated by the electric field.

This assertion also applies in the Bohr model, which holds that
magnetic dipole transitions are about 105 times weaker than
electric dipole transitions1 and are therefore considered
marginal. In this context, many researchers have aimed to
control the spontaneous emission of electric dipole transitions
through devices such as microcavities,2 photonic crystals,3 or
optical antennas.4,5 All of these approaches rely on the
modification of the electric local density of states (ELDOS)
in the vicinity of the considered electric dipole, characterized
through the Purcell effect. Nowadays, this effect is commonly
used to quantify the total decay rate enhancement of such
electric dipole transitions, but it was originally employed to
describe nuclear magnetic resonance decays.6

In parallel, it is also known that complex molecules have
magnetic dipole moments in the optical domain. However,
these optical transitions are extremely weak compared to their
electric dipole transitions (about 102 to 105 times weaker1,7). In
order to amplify the absorption and/or emission of these
transitions, it is thus interesting to enhance the optical magnetic
field together with the magnetic local density of states
(MLDOS) around the molecules.

Recently, researchers have demonstrated that magnetic
dipole transitions could also be studied in materials such as
lanthanide8,9 and metallic10 ions. In these studies, it was shown
that the MLDOS could be engineered in the same way as its
electric counterpart.11,12 In particular, the oscillating behavior
of the MLDOS in space could be recorded in close proximity to
metallic surfaces,13 in good agreement with theoretical
predictions. Nevertheless, only nonresonant structures have
been experimentally used so far to study the MLDOS around
such magnetic transitions. Resonant nanophotonic and
plasmonic structures are known to strongly modify the behavior
of electric14−16 and magnetic17−21 fields in the near field,
making these nanostructures ideal candidates to strongly
enhance the magnetic field of light.22 These nanostructures
could then actively control magnetic dipole transitions in
matter. Indeed, it has been recently demonstrated theoretically
that nanostructured dielectric23 and metallic24 materials could
be used to modify locally the MLDOS. We therefore expect
that tailored resonant plasmonic nanoantennas could be applied
to significantly change the MLDOS near magnetic dipole
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transitions, leading to an increase of the magnetic fluorescence
of the material carrying these transitions.
In this paper, we theoretically describe how to achieve

unprecedented enhancement of both the total and radiative
decay rates of a magnetic dipole moment by using resonant
nanoantennas designed to strongly enhance the optical
magnetic field of light in the near field at the telecom
wavelength (λ = 1550 nm). We also show that these strong
enhancements are magnetic dipole specific and are not related
to an increase, in the same proportion, of the total and radiative
decay rate of an electric dipole moment. Furthermore, we
compare the effect on the quantum yield of the magnetic dipole
moment of an optical nanoantenna alone as opposed to the so-
called “sandwich” optical nanoantenna configuration, also
known as the metal−insulator−metal (MIM) nanoantenna
configuration.25 Finally, we theoretically describe and quantify
the modification of the MLDOS in the near field of a resonant
optical nanoantenna by mapping the total decay rate in a plane
situated in close proximity to the nanoantenna. Importantly, we
demonstrate that resonant plasmonic nanoantennas are unique
to strongly modify the emission of a magnetic nanosource at
the nanometer scale, opening up new exciting possibilities in
magneto-optics.

■ METHODS
We used finite difference time domain (FDTD) simulations to
calculate the optical magnetic response of two different optical
nanoantennas, a diabolo nanoantenna22 (two metallic triangles
connected by a metallic junction) and a sandwich diabolo
nanoantenna (two diabolo nanoantennas superposed and
separated by an insulator). The simulations consider a volume
spanning ±2 μm in x, y, and z around the nanostructures. The
optical nanoantennas are chosen to be in aluminum with a
dielectric constant given by a Drude model at λ = 1550 nm.
The antennas are located at x = y = z = 0 and are surrounded
by air (optical index of 1). All six boundaries of the
computational volume are terminated with convolutional-
periodic matching layers26 to avoid parasitic unphysical
reflections around the nanostrcutures. The nonuniform grid
resolution varies from 25 nm for areas at the periphery of the
simulations to 5 nm for the region in the immediate vicinity of
the antennas (±300 nm in x and y and ±150 nm in z). The
excitation of the antennas is made by two different sources,
depending of the type of studies: a plane wave or a magnetic
dipole moment, as described later in this paper.
The total (Γtot) and radiative (Γrad) decay rate enhancements

of the magnetic emitters placed in the vicinity of the optical
nanoantennas are calculated and described by the equations

Γ =
P
Ptot
tot

0 (1)

and

Γ =
P
Prad
rad

0 (2)

where Ptot and P0 are the total powers emitted by the magnetic
dipole with and without the optical nanostructures, respectively.
Prad is the power radiated in far-field in the presence of the
optical antennas. These values are calculated at each position of
the dipole with respect to the nanoantennas. For all the
calculations, we consider that the magnetic dipoles have an
intrinsic quantum yield of 1.

The quantum yield (η) of the magnetic nanosource is then
obtained through the equation

η =
Γ
Γ

rad

tot (3)

■ RESULTS AND DISCUSSION
Our study is based on a diabolo optical nanoantenna, described
previously by Grosjean et al.22 and detailed in Figure 1. We

explore two different nanoantenna configurations: (1) a single
diabolo nanoantenna (Figure 1a), consisting of two metallic
triangles separated by a metallic junction, and (2) the sandwich
diabolo (S-diabolo) nanoantenna, made of two identical
diabolos separated by an air gap of nanometric size (Figure
1b). The dimensions of these two configurations have been
chosen such that the nanostructures generate a single magnetic
hot spot at the metallic junction and at the telecom wavelength
(λ = 1550 nm). The excitation is made with a plane wave
launched 1 μm below the nanostructures, linearly polarized
along the y-axis and propagating along the z-axis, as shown in
Figure 1a and b. Figure 1c and d show the spectral responses of
the diabolo and S-diabolo, respectively, calculated at a point
centered on their metallic junction, 10 nm away from the metal.
In this plane and at this position, the magnetic field is the
strongest due to an intense electrical current flowing through
the metallic junction under certain excitation conditions.22 As
clearly seen, both configurations enhance the magnetic field by
more than 2 orders of magnitude (Figure 1c,d). Furthermore,
the spectral response is broader for the diabolo antenna (Figure
1c) compared to the S-diabolo (Figure 1d), with quality factors
of 4.18 and 7.28, respectively, at their resonances. These results
indicate that the energy is stored more efficiently in the case of
the MIM configuration and dissipated faster, mainly through
radiative channels, in the case of the diabolo.
In order to compare the two configurations in terms of field

enhancement and confinement, we calculated the normalized
magnetic and electric field intensity distributions (Htot

2/H0
2

Figure 1. Antenna spectral responses. (a, b) 3D schematics of the
diabolo (a) and S-diabolo (b) antennas, with t = 55 nm, g = 50 nm, e =
15 nm, Dd = 335 nm, and Dsd = 240 nm. The yellow point corresponds
to the position where the spectra are calculated, 10 nm away from the
antennas and centered on the metallic junctions. (c, d) Spectral
magnetic intensity responses of the diabolo (c) and the S-diabolo (d).
The vectors k and E represent the direction of propagation and the
polarization of the electric field, respectively.
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and Etot
2/E0

2, respectively) in the xy-transversal and xz-
longitudinal planes for each antenna under similar excitation
conditions to those used for Figure 1a,b. Htot

2, Etot
2 and H0

2, E0
2

represent the magnetic and electric field intensity with and
without the antenna, respectively. In agreement with previous
reports,22 we find that the magnetic field in the case of the
diabolo antenna is localized around the metallic junction
between the two metallic triangles (Figures 2a,e), whereas for

the S-diabolo, the field is confined between the two metallic
junctions of the two diabolos (Figure 2c,g). On the other hand,
the electric field distribution for both structures is strongly
delocalized toward the extreme parts of the antennas (Figure
2b,f for the diabolo and 2d,h for the S-diabolo) and do not
overlap with the magnetic field distribution. Furthermore, the
electric intensity is not confined into a small area, as its
magnetic counterpart, although it still shows a certain degree of
enhancement particularly in the xy-plane (Figure 2b), directly

related to the magnetic field enhancement, as previously
reported.22 In the xz-plane, both the diabolo and S-diabolo
configurations provide between 1 to 2 orders of magnitude
higher enhancement of the magnetic field (Figure 2e,g)
compared to the electric field (Figure 2f,h), underscoring the
potential of these nanostructures to selectively magnify and
confine magnetic fields.
Interestingly, the magnetic field intensity in the xy-transversal

plane is higher and more confined in the case of the S-diabolo
than in the diabolo (Figure 2a,c). Moreover, in the xz-
longitudinal plane, the maximum of magnetic field intensity for
the diabolo is slightly higher than for the S-diabolo (Figure
2e,g). This behavior is in apparent contradiction with studies
reporting that sandwich structures are better suited for
enhancing magnetic fields.27,28 This effect can be understood
by the fact that the diabolo is already a very efficient system to
enhance the magnetic field and that coupling two diabolo
antennas in air lowers the enhancement due to a screening
effect of one of the diabolos with respect to the other. Notably,
the magnetic field for the S-diabolo is significantly more
confined than for the diabolo, with a mode volume of the
electromagnetic energy density of about (λ/16)3 nm3 in the
case of the diabolo and (λ/30)3 nm3 in the case of the S-
diabolo. This higher degree of confinement is a direct effect of
the coupling between the two diabolo nanoantennas.
Given the large enhancement of the magnetic field and its

spatial delocalization with respect to the electric field, these
plasmonic nanostructures should be well suited to locally
control magnetic transitions in matter. To assess this possibility,
we studied the effect of these two different nanostructures on
the decay rates of point-like optical emitters described by a
magnetic and an electric dipole moment. We performed a series
of simulations by placing the dipole in the maximum of the
magnetic field of each structure (i.e., near their metallic
junctions) and then scanned the dipole along the antennas, as
schematically shown in Figure 3a and b. Here, we assume that
the dipole point source is a good approximation for a magnetic
or electric dipole transition, as previously reported in the case
of electric dipole transitions29−31 described by electric dipole
sources. The simulations consist of scanning the dipole along
the three spatial dimensions in the case of the diabolo and in
the transversal plane in the case of the S-diabolo (Figure 3a and
b). For each position of the dipole with respect to the antennas,
Γtot and Γrad are then calculated using eqs 1 and 2 and following
the approach of Kaminski et al.32 In this work the authors
describe a method to theoretically calculate these values from
an electric dipole. Γrad is measured by normalizing the sum of
the Poynting vectors normal to each face of a cube enclosing
the dipole plus the nanostructures, to the sum of the Poynting
vectors when considering the dipole alone. For estimating Γtot,
we calculate the energy dissipated by the dipole in the presence
of the nanostructures, normalized by the one without it30 (eq
4). This calculation implies knowledge of the dipole moment as
well as the scattered field by the structures at the dipole
position and therefore requires performing the same simulation
twice, i.e., with and without the nanostructures, in order to
estimate the scattered field.30 The electric or magnetic Γtot are
then calculated taking into account the corresponding electric
or magnetic field and respective dipole moments using the
following equation:

πε ε
Γ = = +

|μ |
μ

P
P k

A r1
6 1

Im{ ( )}
A

tot
tot

0

0
2 3 A s d

(4)

Figure 2. Normalized (a, c, e, g) magnetic and (b, d, f, h) electric
intensity distributions in the case of (a, b, e, f) the diabolo and (c, d, g,
h) the S-diabolo nanoantennas. The distributions are plotted in an xy-
transversal plane, 10 nm away from the antennas (a−d), and in an xz-
longitudinal plane (e−h), through the center of the metallic junction.
The dashed lines in (a)−(d) represent the transversal planes shown in
(e)−(h) and vice versa. The vectors k and E represent respectively the
direction of propagation and the polarization of the electric field
launched in the simulation. The solid lines surrounding the antennas
are guides to the eyes.
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where ε0 and ε are respectively the vacuum permittivity and the
medium relative permittivity, k is the wavenumber, and μA and
As(rd) are respectively the dipole moment and the scattered
field at the dipole position (the electric or magnetic ones
according to the Γtot calculated).
We first addressed the influence of the antennas on the

magnetic dipole. Due to the resonance properties of the
antennas and their magnetic field components along x, y, and z
in the near field,22 we chose the magnetic dipole moment to
emit at a wavelength of 1550 nm and to be oriented along the
x-axis, which is the orientation of the magnetic field at the
center of the antennas, i.e., at the metallic junction22 (Figure 3a
and b). Figure 3c and d show Γtot as a function of the dipole
position for the diabolo and S-diabolo, respectively, while
Figure 3e and f show their Γrad counterpart. The total decay
rate of the magnetic dipole is enhanced by respectively 2 and 3
orders of magnitude for the diabolo and the S-diabolo when the
dipole is centered on the metallic junction. Furthermore, the
radiative decay rate is also enhanced by 2 orders of magnitude
for both antennas. This result is extremely important since the
radiative decay rate directly determines the amount of photons
emitted in the far field by the nanosource. These are, to our
knowledge, the highest theoretical decay rate (Γtot and Γrad)
enhancements reported so far for a magnetic point-like emitter,
making these structures highly suitable for further experimental
studies.
Moreover, as observed in Figure 3c−f, both Γtot and Γrad

rapidly decay when the dipole moves further away from the
metallic junction. This decay is stronger along the x- and z-

direction than along the y-direction, which is explained by the
proximity of the metal along y continuing to influence those
rates at each dipole position.33

To compare the influence of the resonant antennas on the
enhancement of the decay rates between magnetic and electric
dipoles, we performed similar studies on an electric dipole. For
this, a y-oriented electric dipole is scanned along the antennas
(Figure 3a and b), and for each position the values Γtot and Γrad
are calculated in the same way as for the magnetic dipole
presented above. Here, the electric dipole orientation is chosen
to be collinear to the polarization of the resonant excitation
field (Figure 2) and to the electric current (responsible for the
magnetic field enhancement) running through the antenna.22

For both antenna configurations, at the maximum of the
magnetic Γtot, its electric counterpart is more than 1 order of
magnitude lower, confirming that these antennas are better
suited to strongly modify the magnetic dipole emission at the
nanoscale. Moreover, the ratio between electric and magnetic
Γrad reduces even more due to a strong quenching of the
electric dipole emission; indeed, the electric Γrad is barely
present in the case of the S-diabolo (Figure 3f). As mentioned
above, these calculations have been made for two specific
orientations of the electric and magnetic dipoles. In order to
fully cover the coupling between these antennas and such
dipoles, we also calculated the averaged enhancements of Γtot
and Γrad for dipoles oriented along the three main directions (x,
y, z) and centered on the metallic junction, i.e, x = y = 0 and z =
10 nm. The enhancements of the average magnetic Γtot and Γrad
are then respectively 106 and 67 in the case of the diabolo and
1155 and 56 in the case of the S-diabolo. In contrast, the
enhancements of the average electric Γtot and Γrad counterparts
are respectively 43 and 1.9 in the case of the diabolo and 221
and 2.63 in the case of the S-diabolo. These results demonstrate
once more the ability of diabolo and S-diabolo antennas to
strongly influence the total and radiative magnetic dipole
emission and their poor performance to modify the radiative
electric dipole emission.
Having the total and the radiative decay rates, the quantum

yield (η) for each position of the magnetic dipole along the two
antennas can be calculated using eq 3. The results are plotted in
Figure 4. Interestingly, for the diabolo antenna, η becomes very
large when the dipole is centered on the antenna, with about
80% of the energy radiated in far field. These results indicate
that the diabolo geometry is a very efficient optical antenna
when coupled to a magnetic nanosource. Moreover, this value

Figure 3. Total and radiative decay rate enhancements of an optical
nanosource described by a magnetic or an electric dipole moment. (a,
b) 3D schematics of the simulations performed; a magnetic (Mx) or
an electric (Ey) dipole moment oriented along x or y, respectively, is
placed in near proximity to the diabolo and S-diabolo metallic
junctions (10 nm away) and scanned along (a) the x, y, z directions in
the case of the diabolo and (b) x, y directions in the case of the S-
diabolo. (c, d) Γtot and (e, f) Γrad for each position of these dipoles
(continuous lines correspond to the magnetic dipole; dashed lines to
the electric dipole) along the diabolo (c, e) and the S-diabolo (d, f).

Figure 4. Quantum yield of the magnetic dipole for each spatial
position for both the diabolo and the S-diabolo nanoantennas.
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remains rather constant when the dipole moves along the x-
and z-directions and decays along the y-direction due to higher
absorption into the metal. On the other hand, the large
enhancement of the total decay rate in the case of the S-diabolo
is made at the expense of a very low η of about only 5%. This
makes in practice this sandwich antenna a quite inefficient
system to be coupled to a magnetic dipole transition, despite its
high radiative decay rate. Therefore, the use of the S-diabolo to
strongly reduce the lifetime of magnetic emitters might be
appropriate, but in order to enhance the fluorescence of a
magnetic emitter, the diabolo configuration alone is preferred.
In addition to these results, it is worth noticing that placing

an electric dipole in close proximity to the metallic junction of
these two structures, aside from reducing Γtot and Γrad by more
than 1 order of magnitude with respect to a magnetic dipole, it
also strongly reduces η, with 20% and less than 0.1% efficiency
for the diabolo and the S-diabolo, respectively.
Finally, in order to fully describe the coupling between the

diabolo nanoantenna and the magnetic dipole, we performed
simulations to unravel the effect of the diabolo on the MLDOS
in a transversal plane 10 nm away from the diabolo (Figure 5a).

Figure 5b displays a three-dimensional map of the total decay
rate enhancement superimposed to the diabolo nanoantenna
that is directly proportional to the MLDOS.7 Therefore, it can
be clearly seen that the MLDOS is strongly affected on a very
small area near the metallic junction, corresponding to the
region where the magnetic field is also strongly enhanced, as
shown in Figure 2a and b. This is, to our knowledge, the first
theoretical mapping of the MLDOS in near proximity to a
plasmonic nanoantenna. We believe that these results
demonstrate the strong potential for such nanoantennas to
study the properties and interactions between magnetic light
and matter at the nanometer scale.

■ CONCLUSIONS
In summary, we have theoretically shown an increase of 2 to 3
orders of magnitude on both the total and radiative decay rates
of a magnetic dipole moment by placing it in near proximity to
a plasmonic nanoantenna designed to create a single magnetic

hot spot at the nanometer scale. These strong enhancements
have been demonstrated for both diabolo and S-diabolo
antennas and are confined in a small subwavelength volume
close to their metallic junction. Furthermore, we showed
oppose effects of these two antennas on the quantum yield of
the magnetic dipole; that is, the diabolo behaves as an efficient
antenna, while the S-diabolo quenches the emission. Finally, we
theoretically mapped the behavior of the MLDOS in the entire
plane close to a diabolo optical nanoantenna, providing a
thorough understanding of the antenna influence on a magnetic
dipole transition.
These results highlight the unique ability of such optical

nanoantennas to enhance and control light emission from
magnetic dipole transitions in matter, for example in lanthanide
ions. In particular, the proposed optical nanoantennas would be
extremely well suited to study such transitions in Er3+, as this
ion is known to sustain a strong magnetic dipole transition34 at
the telecom wavelength and serves as an important emitter in a
wide range of technological applications.
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