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ABSTRACT: Plasmonics has become one of the most vibrant
areas in research with technological innovations impacting
fields from telecommunications to medicine. Many fascinating
applications of plasmonic nanostructures employ electric
dipole and higher-order multipole resonances. Also magnetic
multipole resonances are recognized for their unique proper-
ties. Besides these multipolar modes that easily radiate into
free space, other types of electromagnetic resonances exist, so-
called toroidal eigenmodes, which have been largely over-
looked historically. They are strongly bound to material structures and their peculiar spatial structure renders them practically
invisible to conventional optical microscopy techniques. In this Letter, we demonstrate toroidal modes in a metal ring formed by
an oligomer of holes. Combined energy-filtering transmission electron microscopy and three-dimensional finite difference time
domain analysis reveal their distinct features. For the study of these modes that cannot be excited by optical far-field
spectroscopy, energy-filtering transmission electron microscopy emerges as the method of choice. Toroidal moments bear great
potential for novel applications, for example, in the engineering of Purcell factors of quantum-optical emitters inside toroidal
cavities.
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he inevitable trend of miniaturization in electronic devices
has introduced an epoch for the young field of
plasmonics, holding the attention of biological > and chemical®
research, surface enhanced Raman Spectroscopy,” solar ener%y,5
telecommunication technology,6 and transformation optics.” It
has become a vital issue to visualize and understand how the
avant-garde class of materials designed for these applications
behave electromagnetically in terms of electromagnetic field
concentration and coupling in the optical wavelength regime.
Therefore different imaging techniques® have been applied to
nanoparticles and nanoholes” with different §eometrical shapes,
such as triangles,lo spheres,“’12 rods,”> or split—rings.14
Predominantly, electrical and magnetic dipolar and higher
order resonances have been taken into consideration while
studying these structures. However, toroidal moments
represent a category of magnetoelectric moments by
themselves, which are mostly disregarded as they are not so
straightforward to detect, especially in nanoscale structures.
Starting from the late 1950s,"° toroidal moments T have
been studied at first in nuclear physics.'® They are characterized
by rings of radial electric field loops, E, as depicted in Figure 1g,
which is in contrast to the azimuthal field loop that generates
the magnetic field component H of a simple ring. Toroidal
polarizations are rare but possible in the solid state, as well.
Recently, multiferroic materials have been discovered that even
support ferrotoroidic domains.'”” A key feature in all
occurrences of toroidal moments is space—time symmetry.
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Electric dipoles (P = Yq7;) change their sign only with space
inversion (7 - —7) and magnetic dipoles (1 = Y g7 X d,/dt)
change their sign only with time reversal (t+ - —t). Toroidal
moments

N d7
P X7 x(7x ]
21-: ‘ d (1)

however, swap their sign under either spatial inversion or time
reversal.'® A well-known example of a structure exhibiting a
toroidal moment is a solenoid that is bent into a ring, or
equivalently, a closed loop of azimuthally oriented magnetic
moments. This behavior hints at an intricate coupling between
ordinary electric and magnetic dipoles, as is indeed the case in
the magnetoelectric effect. The hybrid nature of toroidal
moments introduces options to influence magnetic polarization
by electric fields and vice versa.'?

Even though toroidal moments have been discussed for
decades, only recently there is a marked interest in their
characteristics,"®*°~** and the design of proper structures that
can sustain them under electromagnetic excitation.”*”>* Partly
this is due to the weak far-field optical signatures of toroidal
resonances. Usually, they do not radiate or their contribution is
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Figure 1. For excitation, we use (a) the relativistic field attached to the
relativistic electrons in TEM and (b—d) optical excitations in FDTD:
(b) radially and (c) azimuthally polarized far-field radiation, and (d)
radiation emitted by an electric dipole placed in the central hole. The
main classes of response fields sustained by the 6-fold torus are (e)
radial electric dipolar and (f) radial magnetic dipolar, as well as (g)
toroidal modes. Electric (magnetic) fields are indicated by red (blue)
arrows.

masked by conventional multipolar far-field radiation.*® In this
context it is noteworthy that Kaelberer et al*” succeeded in
observing toroidal moments using microwave split ring
resonators, and Huang et al?® proposed an alternative structure
which makes the toroidal resonances prominent at optical
frequencies.

In this Letter, we present experimental and theoretical
evidence for toroidal modes at visible frequencies, using energy-
filtering transmission electron microscopy (EFTEM) and three-
dimensional finite-difference time-domain analysis (3D-FDTD)
of near- and far-field excitations. Our investigated structure
consists of seven round holes of 60 nm diameter, drilled in a
free-standing 60 nm thick silver film. First, silver discs with 3
mm diameter were punched from cold-rolled and annealed
silver film. Afterwards the discs were electropolished in a
Struers-Tenupol 5 by using a cyanide-free solution® until a
hole was visible in the center of the disk. Voltage, current, and
the light sensitivity value were set to 4 V, 25 mA, and 100,
respectively. Finally the specimen was ion-milled at the Low-
Angle Ion Milling & Polishing system (FISCHIONE Instru-
ments-Model 1010) for final cleaning for an hour in total (at 2
kV for 30 min, at 0.5 kV for 30 min). A double beam was used
at a milling angle of 12°. Both upper and lower sources were set
to a current of S mA. The final thickness of the specimen was
60 + 10 nm. The thickness measurement was done by
comparing the areas below the zero loss peak and the total area
in an electron energy-loss spectrum, namely the log—ratio
method.>®

The heptamer nanoholes consisting of seven circular holes
(diameter = 60 nm) were drilled into the film by a focused ion
beam (FIB) (FEI Nova NANOLAB 60) at 30 kV near the rim
of the perforated area. The sub-electronvolt sub-angstrom
microscope (SESAM, Zeiss, Oberkochen, Germany), operated
at 200 kV, was used to implement the EFTEM experiments on
the heptamer nanoholes. EFTEM is a technique based on
electron energy-loss spectroscopy (EELS) and allows obtaining
images formed by electrons having suffered specific energy
losses in the material. The MANDOLINE energy filter and a
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symmetric electrostatic omega-type electron monochromator
provide an energy resolution better than 100 meV, a high
dispersion of the energy-loss spectrum (~6 um/eV), and a
small nonisochromaticity of 0.1 meV/nm.*"** During the
EFTEM imaging procedure both the monochromator slit and
energy filter slit had a width of 0.2 eV. Energy-filtered images
were acquired at an energy loss step of 0.2 eV between 0 and 7
eV, and recorded on a 2k X 2k CCD camera (Ultrascan, Gatan,
USA) with a binning of 4. In order to exclude the camera
artifacts due to scintillator afterglow, image acquisition was
started from 7 eV, where the intensity is lowest, and was
stopped at a value just below the intense zero-loss peak. In
addition, a new dark reference was acquired after each energy-
filtered image. The acquisition time was set automatically for
each image with the constraint of a maximum time of 30 s to
minimize image blurring stemming from specimen drift. The
specimen drift between individual images was corrected by
application of a script described in ref 33. The weighted
principal component analysis (PCA) has been applied on the
structure by selecting 14 components in order to reduce noise.
To identify the exact energy positions of the weak spectral
peaks in the data cube a peak-finding algorithm was written
with Digital Micrograph scripting language. This is an essential
tool for mapping the positions in the low-energy-loss region
since there is no background function available for this energy
region.”* A bright-field image of the investigated structure is
displayed in the Supporting Information Figure 1.

The 3D-FDTD method was used to simulate the electro-
magnetic behavior of heptamer holes. Yee’s mesh was imposed
on the structure and the edge length of the cubic cells used in
order to discretize the structure was 2 nm. The dispersion of
silver was based on a Drude model with two critical point
functions. A Ricker wavelet was introduced as the temporal
dependence of the incident beam for visualizing the plasmonic
eigenmodes at different energies, as a Huygens source
introduced in a plane 500 nm above the structure. For the
spatial distribution of the excitation, different functions were
used to efficiently decompose the symmetry of various modes.
Near-field simulations were performed by placing an electric or
magnetic dipole at the central hole in the structure to see the
electrical and magnetic field distribution.

Our investigated structure consists of seven circular holes; a
central hole is surrounded by a six-membered ring of holes. As
this structure shares the Dy, symmetry™> class with the benzene
molecule and similar artificial plasmonic particle
oligomers,%_38 the group theoretical mode spectrum is the
same in all cases. However, the topology of an oligomer of
holes (a 6-fold toroid) is distinctly different from that of the
complementary oligomer of separate particles. This promises an
opportunity to discover eigenmodes in the toroidal system
whose spatial structure does not resemble any mode of the
discrete Iparticle system.

EELS'*~* and EFTEM**° are quite advantageous in the
study of plasmonic eigenmodes thanks to the unique spatial
structure of the electromagnetic field attached to its relativistic
electron probe, as illustrated in Figure 1a, acting as a near-field
excitation source. It shares certain features, but is never
identical, with various optical excitation field geometries (radial
and azimuthal far-field, and dipolar near-field; Figure 1b—d).
Using the varying degrees of overlap between electronic and
optical excitations, their combined study yields a comprehen-
sive understanding of a sample’s eigenmodes. The principal
resonances that can be observed with these excitation types are
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Figure 2. (a) Collection of modes acquired in EFTEM experiment at energy losses of (i) 2.4, (ii) 2.8, (iii) 3.4, and (iv) 3.6 eV. (b) Peak maps
obtained from the acquired images in (a). (c) Simulated modes with FDTD. Displayed is the modulus of the electric field (IEI) at (i) 2.5, (ii) 3, (iii)

3.5, and (iv) 3.7 V. The scale bar applies to all images.

illustrated in Figure le—g. Of particular interest in the present
context are the toroidal modes, Figure 1g. Their weakly
radiative character makes a near-field optical source compul-
sory, such as a vertical electric dipole emitter centered in the
middle hole (Figure 1d). The simultaneous absence of near-
field excitable resonances in far-field excited simulations is a
fingerprint signature of toroidal modes, whose traces can be
recognized in EFTEM experiments.

In Figure 2, we display EFTEM images (Figure 2a),
corresponding peak maps (Figure 2b), and images from
FDTD analysis (Figure 2c). Colors in Figure 2a represent the
energy-loss probability, which is a measure of the z-component
of the excited electric field, E.. At an energy loss of 2.4 eV
(mode (i)), intensity maxima are mainly concentrated in the
central hole and along the inner rims of the surrounding holes
indicating electromagnetic interaction in radial direction. At 2.8
eV (mode (ii)), electromagnetic interaction is observed
between the surrounding holes in azimuthal direction. At 3.4
eV (mode (jii)) and 3.6 eV (mode (iv)), high field strengths are
mainly observed along the outer rims of the surrounding holes.
To unravel the symmetries of these resonances, peak maps
(Figure 2b) are extracted from the EFTEM data cube (Figure
2a). Whereas EFTEM images show the E, component at single
energy slices, peak maps highlight the spatial distribution of
spectral peaks, thus reducing the monotonous spectral tails of
resonances at other energies. The peak maps of mode (i) and
mode (iii) affirm the raw EFTEM images, indicating strong
eigenmodes that are spectrally well isolated. In contrast, the
peak maps at modes (ii) and (iv) differ noticeably from the
corresponding EFTEM images. Associated resonances are
relatively weaker and/or spectrally closer to other eigenmodes.
The peak map of mode (ii) reveals clearly that the
electromagnetic interaction between the surrounding holes is
more pronounced in the azimuthal direction than in radial
direction. The peak map of mode (iv) uncovers a shape that is
not discernible in the corresponding EFTEM image, compris-
ing peaks concentrated in the central hole and at the inner part
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of the surrounding holes. The resonance widths of modes (i)
and (iv) are (0.4 + 0.05) and (0.3 & 0.05) €V, respectively.

Figure 2c highlights simulated images of the [E,| field
component, obtained with different optical excitations as
specified below. The spatial field distribution and the resonance
energies are in very good agreement with experimental results
(Figure 2a,b), lending assurance that FDTD calculations may
be used to interpret mode structure. Most importantly, we will
show in the following that the simulated modes (i) and (iv),
observed at energy losses of 2.5 and 3.7 eV, respectively, are
indeed toroidal resonances. In contrast, modes (ii) (at 3.0 eV)
and (iii) (at 3.5 eV) are of prevailingly magnetic and electric
dipolar nature, respectively.

Far-field simulations with radially polarized excitation reveal
two prominent multipolar resonances at energies of 2.7 and 3.5
eV, respectively, shown in Figure 3. On the surface of the
sample structure, electric field components oscillate in
predominantly radial direction, accumulating opposite electrical
charges on the inner and outer rim of the surrounding holes,
which thus tend to behave like capacitors. Correspondingly,
magnetic field vectors whirl in mostly azimuthal direction.
Mode symmetry and energy identify the 3.5 eV resonance as
mode (jii) from the EFTEM results (Figure 2a), whereas the
calculated 2.7 eV mode appears to be masked in EFTEM by the
eigenmode measured at 2.8 eV (Figure 2a). The reason for this
suppression becomes clear, when the cross sectional symmetry
is considered. As can be observed in Figure 3b, in the case of
the 2.7 eV resonance the electric fields flip sign between the
upper and lower substrate surfaces, giving rise to a quadrupolar
plasmon mode.*” At 3.5 eV, the electric fields do not differ in
direction on the upper and lower surfaces (Figure 3e), giving
this resonance a more easily excitable dipolar character.

An electromagnetically dual azimuthally polarized far-field
excitation is introduced as well. The dominant response is
found at 3 eV, as displayed in Figure 4, and can be associated
with the EFTEM mode (ii) of Figure 2a. As expected, magnetic
field components are aligned in radial direction. The electric
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Figure 3. (a) Illustration of electric (red) and magnetic (blue) field
lines, (b) instantaneous electric (E,) and (c) instantaneous magnetic
field strength (H,) of the quadrupolar mode at 2.7 eV. (d) Illustration
of field lines, (e) electric and (f) magnetic field strength of the dipolar
mode at 3.5 eV. The color bar in the middle applies to (b,c,e,f). Field
evaluations above and below the sample are done 4 nm away from the
surface.

L (arb.u)

Figure 4. (a) Hlustration of electric (red) and magnetic (blue) field
lines, (b) instantaneous electric (E,) and (c) instantaneous magnetic
field strength (H,) of the magnetic dipolar mode at 3 eV. The color
bar applies to (b,c). Field evaluations above and below the sample are
done 4 nm away from the surface.

fields point in preferentially azimuthal direction, but without z-
components, which provide strong coupling to the traversing
electron in EFTEM.
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The simulations above were carried out with far-field
excitations and did not trigger any observable toroidal
resonances in the heptamer. In the main, the structure’s far-
field excitable resonances are rather mundane. They may be
likened to a ring resonator exhibiting longitudinal and
transverse modes in a chain of holes, much like the well-
known Babinet complementary chain of particles.*® However,
modes (i) and (iv), which are clearly observed in EFTEM, are
conspicuously missing in all the far-field simulations discussed
so far. To explore these modes further, we introduce a near-
field source for the FDTD simulations. An eflicient excitation is
provided by coupling a vertical dipole emitter in the middle of
the central hole to the structure, as demonstrated in Figure S.

Figure S. An electric dipole excitation was placed in the central hole.
(a) Ilustration of electric (red) and magnetic (blue) field lines, (b)
instantaneous electric (E,), and (c) instantaneous magnetic field
strength (H,) of the fundamental toroidal mode at 2.5 eV. (d)
Hlustration of field lines, (e) electric and (f) magnetic field strength of
the second order toroidal mode at 3.7 eV. The color bar in the middle
applies to (b,c,e,f). Field evaluations above and below the sample are
done 4 nm away from the surface.

Our simulations with near-field excitation indeed verify
resonances in the heptamer of holes at 2.5 and 3.7 eV, which is
in excellent agreement with the experimentally found modes (i)
and (iv) of Figure 2. Simulated near-field profile approves these
resonances at 2.5 and 3.7 eV, also (Supporting Information
Figure 2). The detailed analysis of field lines reveals a clearly
toroidal character for both modes, illustrated in Figure Sa,d.
The sample volume between the central and surrounding holes
acts as a ring, around which toroidal moments can build up.
The spokes that connect the ring to the outer bulk of the
substrate evidently do not disrupt the topologically protected
toroidal behavior. Magnetic field distributions (Figure Sc,f)
encircle the central hole and electric fields flow in radial loops
between the central and surrounding holes. The resonance at
3.7 eV is a higher-order toroidal mode. To illuminate further
the toroidal character of these modes, we display in Figure 6 the
optical currents extracted from our FDTD results. In both cases
(Figure 6d,e), a cylindrical sheet of dipole moments is found to
oscillate parallel to the symmetry axis of the sample. The
currents are mostly concentrated in the supported silver ring
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Figure 6. Moduli of the electric currents (72) that build up the different
modes at the energies of (a) E=2.7 eV, (b) E=3.5eV, (c) E=3 eV,
(d) E =25 eV, and (e) E = 3.7 eV, corresponding to quadrupolar
radial, dipolar radial, azimuthal radial, and first and second toroidal
modes, respectively.

surrounding the central hole, which results in strong toroidal
moments, according to eq 1. It is evident why the azimuthal
and radial electric dipole modes cannot result in a toroidal
moment. The oscillation of the dephased currents violates the
existence of a toroidal moment in z-direction. The resonance at
E = 2.7 eV supports only a negligible toroidal moment, since 7,
X (7, X J(11)) +7, X (f, X J(7,)) = O (see Figure 6). In contrast
to the quadrupolar resonance, the toroidal resonances at E =
2.5 eV and E = 3.7 eV sustain a longitudinal current, localized at
the silver ring separating the central hole from the other holes.
For this reason, we believe that the distance between the central
and the surrounding holes as well as the thickness of the silver
film play an important role on the quality factor and resonance
energy of the indicated toroidal mode.

The simulations above thus explain nicely all features
observed in EFTEM. In addition, we have also considered
the case of a dual®® magnetic toroidal moment, which may be
excitable by a magnetic dipole in the central hole instead of an
electric dipole. The structure is expected to act in a
complementary way, as if E and H are converted to H and
—E, respectively.*” Simulations revealed a possible resonance of
such symmetry at 3.8 eV. However, at 3.8 eV the volume
plasmon energy of silver dominates the spectral response
making this toroidal mode experimentally inaccessible.

In summary, we have demonstrated the occurrence of
toroidal moments at optical wavelengths for the first time
experimentally. We have applied EFTEM imaging to a
heptamer of circular holes in a silver film, arranged in such a
way that between a central one and six surrounding holes a
supported silver ring is formed. Thanks to the power of
EFTEM, a number of eigenmodes of this ring structure could
be visualized with nanometer spatial and a few tens of
millielectronvolts spectral resolution. In particular, we observed
radiation-free near-field optical features of two optically
completely dark modes. FDTD simulations with a suitable
near-field source revealed them to be toroidal resonances.
Besides the fundamental toroidal mode at 2.4 eV also a higher
order mode was found at 3.6 eV. Additional bright eigenmodes
at 2.8 and 3.6 eV have multipolar characters.

Our present results demonstrate distinct toroidal resonances
in the visible to ultraviolet spectral ranges. They are easily
scalable to longer wavelengths, and we expect them to find
many novel applications through innovative near-field optical
engineering. For example, novel approaches to Fano spectral
engineering by coupling toroidal dark and bright modes. This
can be achieved, for example, by breaking the symmetry of the
induced longitudinal currents by adding a substrate, or by
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breaking the azimuthal symmetry by altering the geometry of
one of the outer holes.*® A linear sequence of toroidal systems
may constitute novel approaches to waveguides and resonators.
Particle heptamers can be used to produce multiheptamer
waveguide structures, along which magnetic plasmons prop-
agate.”' Also, coupling of single quantum systems to the near-
fields of toroidal cavities should provide options for
pronounced lifetime engineering via the Purcell-effect,>>*
with implications for instance in quantum information storage
and processing.>> ™’
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