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Localized surface plasmon resonances (LSPR) are self-sustained collective oscillations of free electrons
in metal nano- and microstructures, often called plasmonic antennas. LSPR can be characterized by
scanning transmission electron microscopy (STEM) combined with electron energy loss spectroscopy
(EELS) which utilizes an electron beam that interacts with the plasmonic antenna and excites the LSPR.
EELS measures the energy transferred from electrons to the LSPR and it is sensitive to the electric near
field of LSPR [1].

Babinet’s principle, originating in the wave theory of light and diffraction, relates the properties of a
planar plasmonic antenna (particle) and a complementary aperture in a thin metal film of the same size
and shape [2]. In particular, the energies of LSPR in both antennas shall be identical and the
electric/magnetic field distribution of the solid antenna shall correspond to the magnetic/electric field
distribution of the complementary aperture. This link can be readily used to study the magnetic near
field by measuring the electric near field by EELS in the complementary structure.

We present a study of Babinet’s principle of complementarity in plasmonics focused on measuring the
magnetic near field by EELS. We have studied a set of gold plasmonic antennas fabricated in the form
of particles and apertures in a gold layer by focused ion beam lithography, which is a suitable technique
for fabrication of a small series of plasmonic antennas [3] allowing to fabricate easily both types of
antennas (particles and apertures) on the same sample. We have studied bow-tie and diabolo antennas
[4] and elementary disc-shaped plasmonic antennas [5].

The first part of our study deals with plasmonic antennas featuring areas of extremely concentrated
electric or magnetic field, known as hot spots. We combined two types of electric-magnetic
complementarity to increase the degree of freedom for the design of the antennas: bow-tie and diabolo
duality and Babinet’s principle. The role of Babinet’s principle in interchanging electric and magnetic
field hot spots and its consequences for practical antenna design are discussed. We have revisited
plasmonic modes in nanoparticle dimers with conductive (diabolo or inverted bow-tie antennas) or
insulating (bow-tie or inverted diabolo antennas) junction. In our study combining EELS, optical
spectroscopy, and numerical simulations we show coexistence of strongly and weakly hybridized modes
[4]. We show that Babinet’s principle allows engineering the near field of plasmonic modes independent
of their energy. Further, we show that combined EELS imaging of a plasmonic antenna and its Babinet-
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complementary counterpart allows to reconstruct the distribution of both electric and magnetic near
fields of LSPR supported by the antenna as well as charge and current antinodes of related charge
oscillations.

We have to do the following steps to map the electric and magnetic near field of a LSPR mode in the
plasmonic antenna: First, we have to record an EELS spectrum image of the particle antenna and the
corresponding aperture. Second, we have to extract the EEL spectrum and identify the energy of a
specific LSPR mode as illustrated in Figure 1 (a). Third, we have to extract the loss probability maps at
the energy of a specific LSPR from both spectrum images so we obtain the results shown in Figure 1(b)
for the longitudinal dipole mode in a diabolo antenna. The loss probability map at the LSPR energy for
the particle antenna represents the out-of-plane electric near field distribution of the mode in the particle
and the loss probability map recorded for the complementary aperture represents the out-of-plane
magnetic near field distribution of the mode in the particle. Note that the qualitative correspondence
between the simulated near field distributions in Figure 1(c) and measured loss probability maps in
Figure 1(b) is very good. Consequently, this strategy allows us to detect the magnetic field hot spot in a
diabolo antenna.

The second part of our study deals with disc-shaped plasmonic antennas. We have confirmed the
qualitative validity of Babinet’s principle, but we have found some quantitative differences. By
comparing the experimental data with a theoretical model we found that differences originate both from
the limited theoretical validity of the Babinet’s principle. In particular, apertures were found to exhibit
stronger plasmonic response than solid antennas, which makes them a remarkable alternative of the
usual plasmonic antennas design [5]. Figure 2 shows the mapping of the LSPR in a gold disc-shaped
plasmonic particle and aperture.

To conclude, we have demonstrated a possibility of the magnetic field imaging with EELS based on
Babinet’s principle. We have studied gold plasmonic antennas with electric and magnetic hot spots
demonstrating a possibility to qualitatively visualize the magnetic field including the magnetic hot spot
by EELS. Nevertheless, a detailed analysis for disc-shaped antennas revealed quantitative limits in the
validity of Babinet’s principle, rendering the magnetic field imaging based on the Babinet’s principle
only qualitative [6].
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Figure 1. STEM-EELS mapping of the electric and magnetic near field in a diabolo antenna. (a)
Identification of four LSPR modes in the diabolo antenna with the total length of 300 nm. (b) STEM
annular dark field micrographs of the diabolo (top) and inverted diabolo (bottom) antenna followed by
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measured loss probability maps at the energy loss of 0.69 eV corresponding to the longitudinal dipole
mode for both structures. (c¢) Calculated electric and magnetic out-of-plane near field distributions for
the longitudinal dipole mode in the diabolo antenna.
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Figure 2. STEM-EELS mapping of the LSPR in a gold disc-shaped plasmonic particle and aperture. (a)
STEM annular dark field micrograph of the particle (top) and the aperture (bottom) with measured loss
probability maps showing the spatial distribution of LSPR modes: the dipole, quadrupole, and breathing
mode. (b) Radial dependency of the loss probability for the LSPR modes.
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