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ABSTRACT: The toroidal dipole is a localized electromagnetic excitation
independent from the familiar magnetic and electric dipoles. It corresponds
to currents flowing along minor loops of a torus. Interference of radiating
induced toroidal and electric dipoles leads to anapole, a nonradiating charge-
current configuration. Interactions of induced toroidal dipoles with elec-
tromagnetic waves have recently been observed in artificial media at micro-
wave, terahertz, and optical frequencies. Here, we demonstrate a quasi-planar
plasmonic metamaterial, a combination of dumbbell aperture and vertical
split-ring resonator, that exhibits transverse toroidal moment and resonant
anapole behavior in the optical part of the spectrum upon excitation with a
normally incident electromagnetic wave. Our results prove experimentally
that toroidal modes and anapole modes can provide distinct and physically
significant contributions to the absorption and dispersion of slabs of matter
in the optical part of the spectrum in conventional transmission and reflection experiments.
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Static toroidal dipole was first proposed in 1957 in the
context of nuclear physics.1−3 Dynamic (induced) toroidal
dipole is an independent term in the family of electro-

dynamic multipole expansion.4 It is associated with a non-

vanishing longitudinal term · ≠
⇀ ⇀
r j 0, where

⇀
r and

⇀
j are the

position vector and the current density induced by the external
stimuli, respectively. Hence, the toroidal dipole is naturally
different from the electric and magnetic multipoles that are
associated with nonvanishing induced charge density, ρ ≠ 0, and

nonzero induced transverse current density, × ≠
⇀ ⇀
r j 0,

respectively (see box 2 in ref 4). Historically, the toroidal dipolar
response was neglected as a contributor to the electromagnetic
response of matter because the corresponding toroidal transition
matrix elements tend to be weak for atoms and small molecules.
It has been proven that the near-field characteristics and elec-
tromagnetic multipoles can be artificially tailored through plasm-
onic meta-structures.5−8 A few years ago, the toroidal dipole
excitation was, for the first time, experimentally observed as the
dominant term in the electromagnetic response of purposely
designed metamaterials9−11 in the microwave region.12 Sub-
sequently, the toroidal resonances have also been pushed to

terahertz and optical frequencies with metallic and dielectric
metamaterials.13−17 The destructive interference between colo-
cated and coaligned toroidal and electric dipoles yield a non-
radiating anapole mode,18−20 which was also first discovered in
microwave range.21 So far, most of the published results explored
structures where the toroidal dipoles are generated perpendicular
to the surface of the metamaterials.16,22−24 Such excitations are
difficult to couple to external radiation without resorting to com-
plex excitation geometries. Here, we demonstrate a quasi-planar
plasmonic metamaterial exhibiting induced transverse toroidal
response and associated resonant anapole response in the optical
part of the spectrum, driven by normal incident light.
The toroidal metamaterial reported here is a multilayered

structure containing a planar array of vertical split-ring resonators
(VSRRs) suspended in a dielectric medium and covered with a
perforated gold film. The perforations (apertures) in the gold
film are dumbbell-shaped and are aligned to VSRRs (see Figure 1a).
At resonance, the normal incident plane-wave radiation, polarized
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along the VSRRs, shall induce toroidal dipole excitations along
the same direction, as illustrated in Figure 1a. Such excitations
will be coupled to free-space radiation and will, therefore, directly
contribute to the optical response of the metamaterial. Figure 1b

shows the radiation pattern of a point-like toroidal dipole super-
imposedwith the single unit cell of themetamaterial. The radiation
pattern of the toroidal dipole is identical to that of the electric
dipole. Combining these two dipoles, with appropriate amplitude
and phase relationship, therefore allows a destructive interference,
resulting in the so-called anapole mode with strong fields in the
vicinity of the source and vanishingly small far-field emission, as
shown in Figure 1c. The metamaterial presented here includes a
tunable parameter, the spacing between VSRRs, and the perfo-
rated gold film (see Figure 1a), which allows the resonant wave-
length of both the toroidal dipole and the nonradiating anapole
mode to be tuned. This parameter can be adjusted by controlling
the thickness of the deposited dielectric spacer. This demon-
stration offers flexibility and reliability in the optimization of the
sample geometry of the anapole-supporting plasmonic nano-
structures.

RESULTS AND DISCUSSION
To motivate the design of the metamaterial depicted in Figure 1,
we first consider the modeled response of a simpler sample that
consists of only the dumbbell-perforated gold film on the dielec-
tric substrate, as shown in Figure 2a. The metamaterial is driven
by horizontally polarized (x-polarized in Figure 2a) plane-wave
radiation at normal incidence. The incident light induces charge
oscillations at the two central edges of the apertures (green
“+” and “−” in Figure 2a), leading to a strong horizontal electric
dipole. The charge oscillations are accompanied by counter-
rotating current oscillations along the rims of the two circular
holes that make up the apertures (blue circulating arrows in
Figure 2a), in turn, this leads to a pair of counter-oriented out-
of-plane magnetic dipoles (red arrows in Figure 2a). A pair of
counter-oriented magnetic dipoles, corresponding to a super-
position of equal-magnitude magnetic quadrupole and toroidal
dipole,17 is shown in Figure 2b. Therefore, the response of the
metamaterial is dominated by a combination of electric and
toroidal dipoles as well as magnetic quadrupole. Figure 2c shows
the calculated transmission and reflection spectra of dumbbell-
aperture metamaterial (horizontal polarization), which we decom-
posed into contributions of individual multipoles.25 Here, the
origin position in the xy-plane is chosen based on the symmetry
(at the center of the unit cell), while the origin position along the
z-axis is assumed to be at the top of the metamaterial (just above
the gold film). The main objective of the multipole decom-
position is to represent a localized electromagnetic excitation in a
way that is irreducible under 3-dimensional (3D) rotations. The
source of electromagnetic excitation is the charge-current den-
sity, which is a 4-dimensional vector field that is subject to one
constraint in the form of the charge conservation equation. In
practice, this means that current density can be regarded as a
completely arbitrary 3D vector field and the charge density is
then obtained from it. To provide a full multipole decomposition
of an arbitrary vector field, one needs three multipole families,
that is, electric, magnetic, and toroidal dipoles.26 In Figure 2d, the
strength of multipole excitations is compared by considering
power scattered over the full 4π solid angle.12,26 As expected from
mode analysis in Figure 2a,b, the main contributors to the meta-
material response are the electric dipole and a superposition of
closely matched toroidal dipole and magnetic quadrupole. The
validity of the multipole decomposition shown in Figure 2d is
verified by adding all multipole fields to reproduce the meta-
material response (see Figure 2c).
The dumbbell-aperture alone, shown in Figure 2, cannot pro-

duce a dominant toroidal dipole response. However, combining

Figure 1. (a) Schematic for the toroidal metamaterial, which consists
of a gold film perforated by dumbbell-shaped apertures, situated
above a planar array of VSRRs suspended in a dielectric spacer layer.
At resonance, the metamaterial supports the toroidal dipole exci-
tations. The color arrows and the streamlines show the orientation of
induced toroidal dipoles and the corresponding magnetic field
distribution, respectively. The response of the metamaterial can be
tuned by changing the gap size g. (b) The radiation pattern of a point-
like toroidal dipole is superimposed with a single metamaterial unit
cell and a schematic depiction of the toroidal dipole excitation (pink
torus and the blue circulating magnetic field). Inset shows the
orientation of the toroidal dipole that corresponds to the radiation
pattern in the main figure. (c) The nonradiating anapole mode,
which is induced when the coaligned electric and toroidal dipoles
radiate, is in antiphase (inset). The charges of the electric dipole are
shown by red spheres. The color mesh in (b) and (c) represents
radiation intensity. The radiation intensity in (c) is much weaker
than that of (b) because of the destructive interference between
electric and toroidal dipoles.
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the dumbbell-apertures with VSRR,27,28 i.e., changing the
metamaterial design from Figure 2a to Figure 1a, breaks the
symmetry, resulting in an enhanced toroidal dipole and a sup-
pressed magnetic quadrupole. Indeed, VSRRs generate a strong
magnetic dipolar response under normal illumination when the
incident electric field is parallel to the opening gap.29−31 Com-
bining the magnetic dipole, induced in VSRR, with the two
magnetic dipoles, that are due to the counter-rotating currents in
the dumbbell-aperture, results in the predominantly toroidal
excitation of the merged structure (see inset in Figure 3a). The
transmission and reflection spectra of the combined metamate-
rial (VSRR and dumbbell-apertures) are shown in Figure 3a,b as
a function of radiation wavelength and separation between the
VSRRs and the perforated gold film (gap size, see Figure 1a).
Figure 3c,d shows the distribution of the magnetic field induced
in the unit cell of the combined metamaterial at toroidal reso-
nance, confirming the picture discussed above. Indeed, at reso-
nance, the response of the dumbbell-aperture results in two
counter-oriented out-of-plane magnetic dipoles, while the con-
tribution of the VSRR corresponds to the y-polarized magnetic
dipole. The net effect is a tight loop of the oscillating magnetic
field (Figure 3d), a hallmark of the toroidal dipole response. An
important feature of the metamaterial’s resonant response here is
that the mode (i.e., electromagnetic field), associated with a
strong toroidal dipole response, extends beyond the physical
boundaries of the metamaterial (Figure 3d). This is of great
practical significance, since one can exploit this “leaking” field
for applications, such as in sensing. By contrast, in dielectric
toroidal/anapole metamaterials reported previously,16,24,32−34

the field remains hidden within the bulk of the dielectric, greatly
reducing the practical utility of these devices. It is worth men-
tioning that in the case of vertical polarization of the incident field

(along y-axis in Figure 1a), electric quadrupole and magnetic
dipole dominate the radiated fields (see Supporting Information).
Figure 4a shows the power scattered by individual multipoles

that form the response of the planar toroidal metamaterial
(see Figure 3). Toroidal dipole emission, which is about 85.1 and
2.5 times, respectively, stronger than that of electric andmagnetic
dipoles, clearly dominates in the window around 1350 nm (olive
region in Figure 4a). Next, we consider interference between
electric and toroidal dipoles. The scattered powers of these two
multipoles are equal at around 1400 nm (dashed line in Figure 4a),
while all other multipole contributions are relatively small.
The phase difference between emissions of toroidal and electric
dipoles, presented in Figure 4a (bottom graph), shows that at
that wavelength, the two dipoles interfere destructively, resulting
in a single resonant dip in the scattering power spectrum (bottom
panel in Figure 4a). This is the so-called anapole mode, which is
manifested as simultaneous enhancement of the near-field and
suppression of the far-field. The suppression of the far-field
scattering is also verified by calculating the far-field scattering
cross-section (and extinction spectra, see Supporting Information)
from a single unit structure, as shown in Figure 4b. The spectral
position of the anapole mode of the planar toroidal metamaterial
depends on the separation between VSRRs and the perforated
gold film (gap size; see Figure 1a), as shown in Figure 4c.
The relationship between gap size and strength of the toroidal

dipole response in planar toroidal metamaterial is further inves-
tigated in Figure 5. Figure 5a shows the extent to which toroidal
dipole scattering can dominate over other multipoles as a function
of gap size, revealing that dominant toroidal dipole response is only
possible when VSRR is close to the perforated gold film. At close
proximity, the effect of VSRR is to contribute to creating the tight
oscillating loop of the magnetic field (Figure 3d), which leads to

Figure 2. Electromagnetic responses of dumbbell-shaped apertures. (a) Left: The schematic for the dumbbell-shaped aperture. The feature sizes
of metallic structures: Px = 400 nm, Py = 850 nm, R = 130 nm, Dx = 50 nm, Dy = 60 nm. Right: Orientation of incident field and the 30 nm-thick
dumbbell-shaped aperture. (b) Representation of magnetic quadrupole and toroidal dipole in terms of magnetic dipoles. (c) Transmission and
reflection spectra of metamaterial from direct calculation (solid lines) and from summing individual multipole contributions (stars).
(d) Calculated scattered power for individual electromagnetic multipoles induced in metamaterial (unit cell) by the incident radiation. p: electric
dipole, m: magnetic dipole, Q(e): electric quadrupole, Q(m): magnetic quadrupole, T: toroidal dipole.
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toroidal dipole excitation. When the gap size is increased the
oscillations of VSRR start to fall behind those of the dumbbell-
aperture (a phase difference appears), which favors the magnetic
quadrupole. Hence, at a gap size of 20 nm, the toroidal dipole
emerges as the dominantmultipole at wavelengths around 1270 nm,
whereas at a gap size of 635 nm, it is the magnetic quadrupole that
dominates at around 1900 nm (see Figure 5b and the Supporting
Information Movie).
Finally, we experimentally examine the optical properties of

the proposed planar toroidal metamaterials. Figure 6a shows the
top view SEM image of the fabricated sample. The integrity and
accuracy of the multilayer toroidal metamaterials is confirmed by

cutting a cross-section in the fabricated sample using focused ion
beam (FIB) milling. Figure 6b displays an oblique SEM image of
metamaterial cross-section, with 52° tilt, showing an accurate
alignment between different steps of the e-beam lithography
process. The measured spectra for the toroidal metamaterials
with a 50 nm gap size (as defined in Figure 1a) are shown in
Figure 6c. Metamaterial resonance occurs at 1389 nm, which is in
good agreement with modeling results shown in Figure 3a. The
slight shift and broader resonance in the experimental measure-
ments arise as a result of inevitable variations in metamaterial
dimensions and roughness of the fabricated sample. The depen-
dence of material losses on the anapole mode excitation is

Figure 3. Electromagnetic response of planar toroidal metamaterial. (a) Reflection and (b) transmission spectra for toroidal metamaterials as a
function of gap size (defined in Figure 1a). Cyan and purple dots indicate the reflection dip and transmission peak computed by first
decomposing the metamaterial response into contributions of individual multipoles, and then adding the multipole fields together to recover the
net response. Inset: Schematic for the toroidal metamaterial. The red arrows and the cyan circulating arrows indicate the induced magnetic
dipoles and surface currents, respectively. The distribution of induced magnetic field and electromagnetic energy density in the vicinity of
metamaterial unit cell, at toroidal dipole resonance, are shown in (c) and (d), respectively. The gap size for the structure is 50 nm. Purple lines
indicate the configuration of the magnetic field. Cyan arrows present the direction of induced magnetic dipoles. Inset in (c): Schematic for the
observation plane (marked as a semitransparent purple plane) of (c) and (d).
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investigated in the Supporting Information. On the other hand,
one can clearly observe a minimum far-field scattering intensity
(defined as the reflection plus transmission) at the wavelength of
the anapole mode in the experimental spectra, which agrees with
the numerical prediction shown in Figure 4b.

The precision-engineered electromagnetic nanostructure
presented here enables the excitation of the toroidal dipole and
the anapole modes at the wavelength of choice. The suppression
of radiation losses offered by the multipole interference in the
anapole modes could find many applications. For example, the
high energy confinement at the wavelength of the nonradiating
anapole mode enables significantly enhancing the nonlinear
response.35,36 The great field confinement, which leads to a
strong gradient force around the plasmonic structures, could be
applied in optical trapping.37 The optical response with high

Figure 4. Multipole response of plasmonic toroidal metamaterial.
(a) (Top) Scattering power of electromagnetic multipoles when gap
size is 50 nm, and (bottom) the average scattering power (blue curve)
and phase difference (orange dots) from the electric fields radiated
from electric and toroidal dipoles. The olive area and dark-red dashed
line denote the resonance region andwavelength of the toroidal dipole
and anapole mode, respectively. (b) Far-field scattering cross-section.
It is defined as the ratio between powers of the radiation scattered by a
single unit cell of metamaterial and incident radiation. (c) The spectral
position of the anapole mode as a function of gap size (defined in
Figure 1a).

Figure 5. Electromagnetic multipole evolution with different gap
sizes. (a) Scattering power difference between toroidal dipole and
other electromagnetic multipoles at the dip position of the electric
dipole. The area with purple background indicates the region where
toroidal dipolar response can dominate the spectrum (at a certain
resonant wavelength). (b) Calculated scattering power for the five
leading electromagneticmultipoles when the gap size is 20 (top panel),
420 (middle panel), and 635 (bottom panel).
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quality-factor can further benefit the development of nano-
photonic light sources, including lasing spasers, etc.38,39 In our
design, with the plasmonic mode being accessible in free space
(close to the sample), it is also applicable to sensing applications,
such as surface enhanced Raman scattering (SERS). Develop-
ment of toroidal spectroscopy, which is highly desirable to
observe and analyze the toroidal resonances in natural matters, is
also feasible due to the efficient couple between anapole meta-
materials and interested toroidal molecules. Furthermore, local-
ized toroidal excitations, such as those demonstrated here, are a
natural starting point for experimental study of the exotic topo-
logical configurations known as electromagnetic focused dough-
nut pulses.4

CONCLUSIONS
In summary, we have designed, analyzed, and fabricated the
planar plasmonic metamaterial, which supports transverse toroi-
dal dipole and anapole excitations that dominate the metamate-
rial’s resonant response in the optical part of the spectrum. All sig-
nificant properties of the anapolemetamaterial can be tuned through

a single well-defined geometrical parameter, which can be con-
trolled to a great precision during fabrication. It benefits the design
of the optical metamaterials with the desired multipole response,
while the others are suppressed on purpose. Our technology offers
fine control over the radiation loss, and near-field enhancement
in nanophotonics. This work could therefore have immediate
applications in sensing, nonlinear optics, and optomechanics.

METHODS
Sample Fabrication. A ZEP 520A layer was spin coated at 4000 rpm

onto a fused silica substrate and then was baked on a hot plate for 5 min
at 180 °C. Subsequently, an Espacer layer was spin coated at 1500 rpm
onto the ZEP520A layer. Espacer is an organic polymer with high
conductivity to reduce the positional error during the e-beam exposure
process. An e-beamwriting system at the acceleration voltage of 100 keV
with 30 pico-ampere of current was used. The base rod of VSRR was
defined by the first e-beam exposure and lift-off process. The two prongs
of VSRR were fabricated by the second e-beam exposure and lift-off
process. In our case, we used spin on glass (SOG) for the spacer layer to
isolate the VSRR and dumbbell-shaped structure. SOG layer was sub-
sequently spin-coated at 3000 rpm onto a fused silica substrate with a
fabricated VSRR array, and then it was baked on a hot plate for 3 min at
200 °C. The reactive ion etching (SAMCO RIE-10N, reaction gas was
CF4, flow rate was 50 sccm, pressure was 0.78 kpa, RF power was 70 W,
and etching time was 1min) was used to attain the appropriate thickness
(50 nm) of SOG layer we needed. Then, we used RF sputter to deposit
30 nm gold films onto the sample, and spin coated ZEP520A over the
gold film. We used the third e-beam exposure to process the dumbbell-
shaped holes in the same area, which were fabricated after RIE etching
(ANELVA DEM-451T, reaction gas: Ar, flow rate: 20 sccm, pressure:
0.02mbar, RF power: 100W, and etching time: 3min). Here, the photo-
resist (ZEP520A) was used as the antietch layer.

Measurement. The measurement data were carried out by Bruker
VERTEX 70 Fourier-transform infrared spectrometer equipped with
Bruker HYPERION 2000 infraredmicroscope (15×Cassegrain objective,
numerical aperture NA = 0.4, near-infrared polarizer, and an InGaAs and
MCT detector). An iris was used to collect the incident light to a square
area of about 150 × 150 μm2. The reflectance spectrum was normalized
by the gold mirror.

Simulation. The simulated spectra were calculated by the numerical
simulation software (COMSOLMultiphysics) based on the finite-element
method (FEM). The refractive index of the fused silica substrate and SOG
layer were set as 1.4584 and 1.41, respectively. The permittivity of gold
was described by the Lorentz−Drude model with a damping constant of
0.07 eV and a plasma frequency of 8.997 eV. For the simulation of array
structures, the periodic boundary condition was used along x- and
y-directions. The incident wave was defined as either an x- or y-polarized
plane wave. By calculating the scattering parameters (S-parameters), we
could directly obtain the optical reflection as well as the transmission spectra.
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Figure 6. (a) Top and (b) tilted views of SEM images of a fabricated
sample with a 50 nm gap size. Scale bars: 500 nm. (c) Measured
far-field spectra of the plasmonic toroidal metamaterials under
x-polarized illumination (compare to Figure 1a). The dark-red dashed
line represents the resonant wavelength of the anapole mode from the
numerical predication.
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