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ABSTRACT: Toroidal dipole has attracted tremendous
attentions in nuclear, particle, condensed matter and material
physics due to its exotic characteristics that are distinct from
the fundamental electric and magnetic dipoles. Due to the very
weak intensity, toroidal dipolar response is extremely difficult
to be detected in natural materials. Although single dynamic
toroidal dipole has recently been observed in metamaterials,
simultaneous observation of multiple toroidal dipole reso-
nances is still very challenging, and many intriguing physical
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phenomena associated with them have remained elusive. Here we experimentally demonstrate an approach to achieving toroidal
dipole responses with high quality factors in the infrared region via surface-plasmon-polariton excitation. Implementation of this
concept leads to simultaneous experimental observation of double toroidal modes in 3D metamaterial. Periodicity and angle
dependent transmission measurements clearly reveal the coupling between the surface-plasmon-polariton mode and toroidal
modes. Our demonstration provides a unique platform for the study of toroidal electrodynamics and various astonishing optical

phenomena involving toroidal moments.
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extraordinary optical transmission (EOT)

T oroidal dipole moment, first considered by Zel'dovich in
1957 to interpret the parity violation of the weak
interaction in nuclear and particle physics, has been shown to
complement the classical electromagnetic theory of multipole
expansion.' Being physically distinct from the electric and
magnetic dipoles that arise from a pair of charges and
circulating currents respectively, the intriguing toroidal dipole
is a peculiar elementary current excitation corresponding to
electrical currents circulating on a surface of a gedanken torus
along its meridians. Because the toroidal dipolar moment
violates the symmetries of both time-inversion and space
reversal operation, many intriguing properties has been
theoretically predicted in solid-state physics, and its significance
has been discussed for various condensed matter systems
including multiferroics, molecular magnets, special macro-
molecules, ferroelectric, ferromagnetic materials, and so
on.” "' A static toroidal moment in condensed matters is
manifested as a vortex distribution of head-to-tail arrangement
of magnetic dipoles, and mathematically defined as T= DI
M, where M, is the magnetic dipole moment, 7 is the
displacement of the magnetic dipole form the toroidal center,
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and i in the subscript represents the ith magnetic dipole that
contributes to the toroidal moment."”” Magnetic dipole
moments in condensed matter systems are usually produced
by distinct spins or orbital momenta of the electrons, and thus,
there generally exist multiple toroidal dipole modes (toroidal
moments). The toroidal moments provided by different
electron spins and orbital momenta generally have distinct
magnitudes and orientations, which produce various exotic
phenomena and effects, such as the magnetoelectric effect,
enhanced nonlinear susceptibility, dichroism, and toroidal
induced nonreciprocal refraction.”*~"'%'"  Although the
importance of static toroidal moment in particle physics and
condensed matter systems has been established, not much
attention has been paid to the dynamic toroidal response in
electromagnetism until very recently, as it is extremely difficult
to detect experimentally due to its weak response in naturally
occurring materials. Therefore, to induce dominant dynamic
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Figure 1. Design of 3D toroidal metamaterials. (a) Schematic of toroidal dipole modes generated due to circulating magnetic field produced by
current loops, as well as the schematic illustration of 3D toroidal metamaterial; cyan and purple arrows depict the direction of magnetic and toroidal

moment, respectively. The geometrical parameters depicted in the schematic configuration are a, =

a, =2 pm, [ =198 ym, w = 400 nm, and 6 = 500

nm; Periodicity of the structure array is p = p, = p, = 3 um, and thickness of the gold film is £ = 150 nm, respectively. (b) SEM image of the fabricated

3D toroidal metamaterials. (c) A magnified view of the 3D structures.

toroidal dipolar responses by artificial composites is an
emerging field that is worth extensive exploration.
Metamaterials, composite arrays of artificial subwavelength
structures, have attracted enormous attention in the scientific
community over the last two decades due to their novel
physical phenomena and remarkable functionalities, which are
not available in natural materials, such as negative refractive
index,"” invisibility cloaking,'”'* plasmon-induced transpar-
ency,'”'® and superlenses.'” The exotic electromagnetic
response in metamaterials is achieved by properly designing
and tailoring the geometry of the metamaterial elements to
resonantly excite oscillating charges or loop currents, which
usually involves the concept of electric and magnetic multipole
excitations. Recently, dynamic toroidal multipoles, the third
family of electromagnetic multipoles which are necessary for
the complete multipole analysis of an arbitrary radiating source,
have been observed in metamaterials, providing a platform to
unveil the associated intriguing optical phenomena. In 2010,
toroidal dipolar resonance was experimentally demonstrated in
the microwave regime with an elaborate complex 3D
electromagnetic metamaterial comIposed of multifold split-ring
resonators with toroidal topology.'® Subsequently, the toroidal
metamaterial was extended to the infrared wavelengths by
scaling down the size of split-ring resonators.'”*’ Since then
enormous efforts have been made to explore many exotic
electromagnetic phenomena associated with the toroidal
multipoles in artificial media,”' >° such as resonant trans-
parency,”””® anomalous optical activity,” enhanced o3ptical
force,””’" all-optical Hall effect,”” and lasing spaser.”” In
addition, it has been shown that the interaction between a
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toroidal mode and other multipole could result in many
appealing phenomena. For example, due to the identical
radiation pattern of a toroidal dipole and an electric dipole in
the far field, a toroidal dipole interacting with an electric dipole
may exhibit nonradiating characteristics, which can be regarded
as a nontrivial anapole.3’4’35

Thus far, all preceding studies have exclusively focused on a
single toroidal dipole resonance,'®™* whereas simultaneous
excitation of multiple toroidal dipole modes has not hitherto
been explored. Thus, it should be of great interest to explore
new methods to achieve double or even multiple toroidal
dipole responses, which has direct analogy to the toroidal states
in the condensed matter systems. This will not only promote
the understanding of toroidal moments in condensed matter
physics, but also be very useful in investigating other physical
(optical, acoustic) phenomena involving the multiple toroidal
states. In addition, metamaterials that manifest strong toroidal
response has the ability to enhance electromagnetic field
confinement by squeezing time varying magnetic field into a
small circular region. Due to the very weak coupling to free
space and high electromagnetic energy confinement, meta-
materials supporting toroidal dipole play an important role in
boosting light-matter interaction and energy transfer at
subwavelength scale. However, as the resonant frequency
increases to infrared and visible regime, the realization of a
toroidal response in true 3D sophisticated metamaterials
becomes extremely difficult due to the limitations of fabrication,
which makes it very difficult to experimentally explore the
elusive optical phenomena involving the toroidal moment.
Although certain advances have been achieved in the
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Figure 2. Toroidal responses of the 3D metamaterial. (a) The simulated and (b) measured transmission spectra of the 3D toroidal metamaterial for a
y-polarized wave at normal incidence. (c) Dispersion of scattered power for various multipole moments induced in the metamaterial. (d) The
simulated magnetic field (on xy-plane at z = 1.0 ym) distributions of four unit cell of the toroidal metamaterials. Note that the white dashed frames
in the H-field maps marked the positions of vertical JDSRRs, and blue circle indicate the magnetic field vortexes. (e) Surface current distributions
and magnetic dipole orientation on one unit-cell of the metamaterials at respective resonances.

implementation of toroidal resonance in planar metamaterials,
simultaneously achieving multiple toroidal resonances in
metamaterials is still extremely challenging and remains
formidable task due to lack of available routes to excite and
control them.

In this Letter, we experimentally demonstrate, for the first
time to the best of our knowledge, multiple strong toroidal
dipole resonances via surface-plasmon-polariton (SPP) ex-
citation in a 3D metamaterial operating at infrared frequencies.
The 3D toroidal metamaterials consist of an array of
subwavelength joint double split ring resonators (JDSRRs)
and square apertures arranged in a square lattice geometry. The
toroidal resonances are induced by coupling between the bright
SPP mode supported by the aperture array and dark inductive-
capacitive resonant modes of the out-of-plane JDSRRs. The
lateral coupling between adjacent unit-cells results in an
otherwise inaccessible brand new hybridized toroidal dipolar
mode. Field distributions clearly manifest the existence of
toroidal mode with tightly confined magnetic vortex in the
subwavelength 3D structures. Because of the unique field
configuration of the coupled toroidal modes, the proposed 3D
metamaterial exhibiting sharp toroidal resonances may have
broad applications in low Joule loss quantum plasmonics,
tunable absorbers, low-threshold plasmonic lasing, nonlinear
processing, and chemical/biological sensing.

B RESULTS AND DISCUSSION

Our toroidal metamaterial comprises two conductively joint
gold SRRs, merged to form a single enlarged JDSRR with two
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split gaps, standing on the edge of a square aperture on an
ultrathin self-supporting gold membrane, as shown in Figure 1a.
For a plane wave polarized in the y-direction at normal
incidence, the periodic square apertures function as a 2D
grating which compensates the momentum difference between
propagating photons and plasmons, and therefore enables the
excitation of SPPs at the metal-air interface, resulting in an
extraordinary optical transmission (EOT)."'~* Through a
conductively coupling between the square aperture and vertical
JDSRR, the inductive-capacitive (LC) resonance™”*****’ in
each SRR can be excited with the currents in the two loops of
each SRR oscillating out of phase, such that their magnetic
moment vectors pointing in the opposite directions perpen-
dicular to the JDSRR surface. This results in head-to-tail
configuration of the magnetic moments of nearby SRRs, which
is responsible for the excitation of the toroidal resonance
modes. Because of the indirect excitation of the JDSRR, this 3D
metamaterial results in a suppressed electric and enhanced
toroidal dipole response. Intriguingly, due to the fact that the
induced magnetic dipole excitation in the adjacent resonator
are always in opposite direction, the 3D metamaterial can
support a unique hybridized toroidal mode in which the
adjacent unit cells are strongly coupled (see Figure 1a).

The qualitative arguments represented above are fully
supported by numerical simulations performed using a full
three-dimensional Maxwell equations solver based on the finite
element method with periodic boundary conditions. Calculated
densities of the induced electrical currents are used to compute
the scattered power of the resonantly excited electric and
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Figure 3. Experimental measured transmission spectra of the 3D toroidal metamaterial and square aperture array at different incident angles. (a)
Transmission spectra of the 3D toroidal metamaterial for TM-polarized incident electromagnetic wave when sweeping the incident angle. Spectra
were taken every 5° from 0 = 0° to 6 = 25°, respectively. (b) Transmission spectra of the square aperture array with different values of incident angle
under TM-polarized excitation. An arbitrary offset was added to each data to separate them in the figure for clarity.

magnetic multipoles, as well as the toroidal dipole of the 3D
metamaterial. The fabrication method of 3D folding
metamaterials is based on the focused ion beam (FIB) stress-
induced deformation technique®® on self-supported gold
nanofilm, and a detailed description of the fabrication process
is provided in the Supporting Information. Figure 1b,c shows
the scanning electron microscope (SEM) images of as-
fabricated 3D metamaterial array in which high quality and
good uniformity of the structures are clearly observed.
Subsequently, a Fourier transform infrared (FTIR) spectrom-
eter is used to measure the transmission spectra in the infrared
region.

Figure 2a,b depict the simulated and measured transmission
spectra of metamaterial samples with y-polarized incident
electromagnetic wave. Three distinct resonant dips appear in
the background spectrum of a broadband EOT profile.
Excitations of two toroidal modes at @, = 73 THz and o,
= 83.5 THz are clearly observed in the experimentally measured
transmission spectra. The quality factor (Q factor), defined as
the ratio of resonance frequency to the full width at half-
maximum, for the measured resonance at @, and @, reach 24
and 26, respectively. Those values are much higher than that of
dipole resonance supported by the conventional metamaterials
(Q factor less than 10).°>*****’ In order to study the
resonances of metamaterial quantitatively, the multipole
moments are calculated from the induced volume current
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density in the 3D metamaterial,”'® with the extracted multipole
scattering intensities shown in Figure 2c. In our 3D
metamaterial, only the electric/magnetic dipole, -electric/
magnetic quadrupole, and toroidal dipole provide significant
contributions to the metamaterial responses, while all the other
higher order multipoles are very weak and therefore can be
neglected. Although electric and magnetic quadrupole mo-
ments are also resonant at the two resonance frequencies, the
intensity of toroidal component (T,) at resonance @y, and @y,
is much stronger than that of electric quadrupole moment (Q,)
and over 1 order of magnitude stronger than that of electric
dipole (P)), respectively. Here it should be noted that the
strong toroidal component (T,) does not contribute directly to
the far-field radiation (transmission spectrum) at normal
incidence (incident angle & = 0°), but indirectly through the
mediation of the SPP mode. On the other hand, the net electric
dipole moment and, consequently, the radiative losses are
dramatically reduced, resulting in very large Q factor of the two
resonances.”””*® However, the toroidal moments can contribute
to scattering significantly once the light is incident at oblique
direction, which will be discussed later.

To clarify the underlying physical mechanism of the
generated resonant modes, the magnetic field and current
distributions at the resonance frequencies are plotted in Figure
2d and e, respectively. Interestingly, at the low frequency
toroidal resonance wr;, a strong magnetic vortex appears to
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connect the adjacent JDSRR rather than within the JDSRR
itself. This toroidal resonance in the 3D metamaterials
originates from the near-field interactions between the adjacent
JDSRRs in x-direction, which results in tight confinement of the
magnetic field to form a magnetic vortex. Figure 2e displays the
configuration of the surface current distribution in the JDSRR,
which shows that the loop currents and consequently the
magnetic dipoles in the left part of the unit cell and right part of
the neighboring one are opposite to each other. This head-to-
tail configuration of magnetic dipole result in strong coupling
between the neighboring JDSRRs mediated by the circulating
magnetic fields that form the magnetic field vortexes. This
circulating magnetic field concentrated in subwavelength region
generates toroidal dipolar excitation oriented along the z-axis. It
is worth mentioning that the currents in the vertical JDSRRs
generating the toroidal dipole moment do not radiate into the
far field since only currents that are parallel to the external
electric field can contribute to the far-field radiation.'®*
Therefore, this toroidal resonance drastically suppresses the
radiation losses and couples weakly to free space, which result
in strongly confined photon energy in the metamaterial and
enhances the Q factor.

At the higher frequency toroidal resonance wr,, the
calculated magnetic field are observed to form magnetic
vortexes that are tightly concentrated within the individual
unit-cell, as shown in Figure 2d. The induced currents also form
circulating surface currents along each SRR, giving rise to a
magnetic dipole which points in forward or backward direction
perpendicular to the JDSRR plane. Opposite circular currents
in the left and right constituent SRRs of each JDSRR generate a
circular magnetic moment distribution that is perpendicular to
the JDSRR surface, giving rise to a strong toroidal moment
pointing in the z-direction. The large amount of magnetic
energy trapped in the 3D metamaterial leads to the enhance-
ment of Q factor of toroidal resonance as a consequence of
strongly suppressed electric dipole moment and radiative losses
(see Figure 2c,d). Besides, the resonance wp, appearing near
the first-order diffraction mode, " is dominated by the magnetic
quadrupole moment (Q,,) and electric quadrupole moment
(Q.). In contrast, there is no magnetic vortex appearing in the
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magnetic field plot, thus the toroidal component is very weak at
this resonance.

To further substantiate the concept of SPP mediated toroidal
responses, we perform experimental measurement of the
transmission spectra both for the 3D metamaterial and a
sample consisting of square aperture array only at different
incident angles, as shown in Figure 3a and b, respectively. For
the 3D metamaterial, as the angle of incidence is increased,
both the two toroidal resonances exhibit a redshift due to the
spatial dispersion of the 3D metamaterial. Moreover, the
resonance of the higher frequency toroidal mode becomes
gradually weakened with increasing incident angle. Here it is
worth noting that the contribution of the strong toroidal
moment to the far-field radiation (transmission sg)ectrum)
increases gradually as the incident angle increases.”” On the
other hand, for the sample of square aperture array, an initially
broadband EOT peak at normal incidence gradually split into
two separated peaks at increased incident angle, as depicted in
Figure 3b. The dependence of the spectra of the 3D
metamaterial over incident angle can be well explained based
on the angle dependent momentum matching condition. For a
square aperture array, SPPs are excited at the metal—air
interface when their momentum matches the momentum of the
incident photon and obeys conservation of momentum

kg, = k sin @ + iG, £ jG, (1)
where k,,, is the surface plasmon wave vector, 6 is the incident

-

angle, G, and G, are the reciprocal lattice vectors for a square
lattice with |G| = 1G,| = 27/p, and i, j are integers. In the case of
normal incidence (f = 0°), the component of the incident
photon’s wave vector in the square aperture plane is zero, and
the SPP vector is only provided by the reciprocal lattice vectors
of the square lattice, which couples with the vertical JDSRR
resulting in two toroidal resonances on a broadband EOT peak.
By increasing the incident angle from 6 = 0° to 6 = 25°, the
incident light excites different SPP modes (k sin 0 + G,, k sin 0
- Gy), and therefore, the EOT peak of the SPP mode is
gradually split into two peaks shifting toward opposite
directions. The mismatch between the SPP mode and toroidal
modes result in the degradation of the toroidal responses within
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electromagnetic resonance.

the transmission valley between the two EOT peaks. When the
angle of incidence 6 is larger than the critical point (6 ~ 15°),
the detuning is so large that the coupling between the SPP
mode and toroidal modes is diminished, resulting in the
vanishing of the higher frequency toroidal mode and weaken of
the lower frequency toroidal response. It is worth mentioning
that, due to the Wood’s anomalies,”' ~** a broad transmission
dip appears in-between the two split EOT peaks, which
overlaps with the lower frequency toroidal mode as the incident
angle increases. Meanwhile, the T, component of the lower
frequency toroidal resonance is gradually attenuated (see
Supporting Information, Figure S3).

To better visualize the contribution of multipole components
at oblique incidence, the magnitudes of multipole components
at the two resonance frequencies as a function of the incident
angle are retrieved, as shown in Figure 4. For the lower
frequency toroidal mode (wr;), the toroidal moment
monotonically decreases with the increase of incident angle,
and both the toroidal dipole and electric quadrupole moments
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dominate all other multipoles, as shown in Figure 4a. In this
case, besides the radiation mediated by SPP, the toroidal dipole
also directly radiates into the far field. The magnitudes of the
electric and magnetic quadrupole slightly enhanced at small
incident angle due to the direct excitation of the JDSRR by
TM-polarized light. Furthermore, the intensity of all the
multiple components gradually diminishes as the incident angle
of light become very large because of the low coupling
efficiency of the SPP mode to the free space radiation due to
the momentum mismatch. It is observed that the toroidal
dipole moment of the higher frequency resonance (wr,) also
gradually decrease in intensity and both the toroidal and
electric quadrupole play dominate roles until the resonance
disappear at higher incident angle (see Figure 4b). Therefore,
by simply tuning the incident angle, the contribution of the
toroidal moment to the radiation properties of the
metamaterials can be readily manipulated, and the number of
the toroidal mode can be controlled.

DOI: 10.1021/acsphotonics.7b00529
ACS Photonics 2017, 4, 2650—2658


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b00529/suppl_file/ph7b00529_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.7b00529

ACS Photonics

The toroidal responses can be further optimized by choosing
an appropriate periodicity (p). Figure Sa and b show the
calculated and experimentally measured transmission spectra of
the 3D toroidal metamaterials, respectively, which exhibit a
strong dependence on the periodicity of the apertures, since the
periodicity determines the resonant frequencies of the EOT
peaks.*™* The position of the EOT peaks as a function of
periodicity can be approximated by the surface plasmon
dispersion for a smooth film,*'~*

1/2
£,:.€
2, 23172 air“gold
fsP =i+ /p
Eair + ggold (2)
where ¢ is the speed of the electromagnetic wave, €, is the

dielectric constant of the air, and &4 is that of the gold. With
the increase of the periodicity p from 2.4 to 3.8 ym, the (0,1)
mode of the EOT is red-shifted, consequently resulting in the
spectrally redshift of both toroidal modes as depicted in Figure
Sa. The experimental results in Figure Sb show that both
toroidal modes experience a redshift and modulation in
resonant intensities, which is consistent with the calculated
data. The strong dependence of the toroidal modes over the
resonant frequency of the EOT peak further confirms that the
toroidal modes strongly couple to the SPP excitation. In
essence, the excitation intensities of both toroidal modes
strongly depend on the frequency of the EOT peak, which
become more prominent as the frequencies of those modes are
in proximity to that of the EOT peak (see Figure Sa) due to the
enhanced coupling efficiency.

The z-component of the toroidal dipole (T,) excitation for
the 3D metamaterial with different values of period (p) is
extracted and shown in Figure Sc. The optimal period for
toroidal mode @y, and @y, are around 3.2 and 2.8 um,
respectively. For the periodicity above the optimized values, the
z-component of the toroidal dipole (T,) for both toroidal
resonances decreases monotonically due to the diminished
coupling strength of the adjacent JDSRRs and mismatch
between SPP mode and toroidal mode. Consequently, the two
resonance @y, and @, are dominated by electric and magnetic
multipoles (not shown here). When the periodicity is decreased
below the optima, although the coupling effect of the adjacent
JDSRRs is enhanced by decreasing the distance, the intensity of
the toroidal resonance decreases gradually due to the weak
excitation efficiency (the frequency deviations between the
toroidal resonances and EOT peak are too large). For instance,
in the case of p = 2.4 um, the detuning between the toroidal
modes and EOT peak is so large that the coupling between the
toroidal modes and SPP mode is very weak, which result in
fading of the toroidal modes. All of the above observations
indicate that beside the intrinsic toroidal responses generated
by the JDSRRs, the lattice periodicity plays a key role by
modifying the cell—cell coupling and controlling the excited
SPP mode. Therefore, judiciously choosing the periodicity
would help optimize the resonance properties of the 3D
metamaterial.

B CONCLUSIONS

In summary, we have experimentally demonstrated a novel 3D
metamaterial that supports SPP-mediated double high Q-factor
toroidal resonances. Our design exploits the strong coupling
between the square aperture array and JDSRRs to produce
narrow toroidal resonances emerging from the EOT back-
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ground with Q factors exceeding 20 at infrared regime. Due to
the unique topology of the toroidal modes and tightly confined
electromagnetic field, the toroidal metamaterial allows spatially
large field enhancement at subwavelength scale, which can be
utilized to enhancing light—matter interaction and energy
transfer. The concept of SPP induced multiple toroidal
resonances provide a new avenue for designing the next
generation ultrasensitive sensor, narrow-band filter, modulator,
and coherent lasing spaser. Furthermore, it may also advance
the understanding of the physical mechanism of the widespread
light—matter and intermolecular interactions associated with
toroidal states in nature.
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