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Abstract
Toroidal resonance of planar structure is feasible and interesting for many appealing applications. We numerically and 
experimentally investigated the toroidal resonances in a planar metamaterial comprising core-shell structures and its con-
stituent core and shell components at THz frequencies. The investigated structure demonstrated sharp toroidal and hybrid 
toroidal resonance modes in 0.2–0.3 THz range. Our analysis showed that these modes could be explained by the interaction 
of resonance toroidal modes of the shell and core components. The response of the investigated planar core-shell toroidal 
metasurface is notably geometry dependent and can be easily tuned by tailoring the device geometry. Presented work can 
be used for advanced THz photonics applications, including precise bio-sensing, narrow-band filters, fast-switching, and 
modulation.
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Introduction

Plasmonic metamaterials are composite arrays of artificially 
tailored building blocks that can excite the desired electro-
magnetic response in the entire range of frequency spectrum 
by taking advantage of collective oscillations of electron 
subwavelength structures [1–5]. These artificial subwave-
length structures have an outstanding strength in capturing 
and controlling the near-field electromagnetic interaction. 
Over the last few decades, plasmonic metamaterials have 
captured immense attention in the photonics community. As 
a robust photonic tool, metamaterials have been extensively 
employed for various applications, including super lensing 
[6], negative index media [7, 8], biochemical sensors [9, 
10], ultrasound detectors[11], metamaterial absorbers [12, 
13], and reconfigurable metadevices [14, 15] for different 
spectral ranges.

Recently, a new family of non-radiative plasmonic reso-
nant modes based on magnetic currents, known as toroidal 
moments, has been reported [16, 17]. A toroidal dipole reso-
nance occurs when the magnetic moments of the current 

induced by incident radiation on a torus’s surface are aligned 
head-to-tail and form a dynamic vortex. Toroidal dipole 
resonances have been successfully demonstrated in well-
engineered 3D and planar metamolecules with high-quality 
factors (Q factor), significant dephasing durations (τ), and 
high scattering intensity [17–19]. Toroidal moments are 
firmly concealed by the radiation pattern of intense classi-
cal EM multipoles since they reflect weak far-field radiation 
signatures. Though detection of toroidal excitations is quite 
challenging, well-designed metamolecules can enhance 
toroidal dipole response. To directly achieve the toroidal 
excitation, the excitation of electric and magnetic dipoles 
and quadrupoles needs to be suppressed and then confine the 
magnetic field inside the metamolecule into tight oscillat-
ing loops. Thus, along with their weak scattering of electro-
magnetic radiation comparative with electrical and magnetic 
counterparts, the revelation of robust toroidal modes will 
render a path to high Q factor devices. The practical appli-
cation of meta-photonic devices is mostly struggling due to 
inherent non-radiative and radiative losses, despite having an 
immense opportunity in real-world applications. While non-
radiative losses are comparatively less important at micro-
wave and terahertz frequencies, radiative losses can have an 
extreme impact on metamaterial device performance, which 
ultimately leads to a decline in metamaterial quality (Q) fac-
tors [20]. Metamaterial allows an efficient way to implement 

 * Naznin Akter 
 nakte001@fiu.edu

1 Electrical & Computer Engineering Dept, Florida 
International University, Miami, FL, USA

http://orcid.org/0000-0003-1094-5318
http://crossmark.crossref.org/dialog/?doi=10.1007/s11468-021-01427-4&domain=pdf


 Plasmonics

1 3

toroidal excitations under the terahertz regime, as it gives 
versatility in tailoring the loss channels. Toroidal excitations 
can reduce radiative losses, thus improving the performance 
of the device [21].

The first toroidal dominated response was demonstrated 
using a 3D design of four split-ring resonators (SRRs) in 
a unit cell in the microwave region [17]. Later, theoretical 
work predicted that the toroidal response could be achieved 
at far-infrared wavelengths by scaling the unit cell geometry 
[22]. However, at optical wavelengths, the 3D structures to 
observe toroidal dipolar moments pose serious fabrication 
challenges. Further research has taken place to simplify 
the designs into planar structures [23], supporting toroidal 
moments has extended the observation of toroidal responses 
to terahertz [24, 25], and optical regimes [22, 26]. Simple 
structures such as bars [27], disks [28], ring-shaped grooves 
[29], core-shell nanoparticles [30], oligomer structure [31], 
core-shell nanowires [32], and hybrid nanostructure [33] 
have been explored for fabrication feasibility.

Practical applications of plasmonic toroidal moments for 
developing nanophotonic devices are emerging, particularly 
for switching and biochemical detection [34, 35]. However, 
the coupling of multiple toroidal resonators in the THz 
domain has not been extensively investigated yet. This work 
demonstrates a planar nanomatryoshka type core-shell reso-
nator structure to investigate the coupling of toroidal reso-
nances in core only, shell only, and both core-shell at THz 
frequencies and explain the function of the multiple toroidal 
resonator coupling. The strength of toroidal resonances that 
are observed due to strong multifold near-field magnetic 
coupling across the unit cells could be tailored by utilizing 
this design. The detected couplings of toroidal modes for the 
core-shell structure in this work are experimentally validated 
by transmission mode time-domain THz spectroscopy. We 
have also utilized the proposed design to demonstrate the 
toroidal hybridization concepts by employing the magnetic 

current oscillations. Toroidal hybridization occurs in the 
metallic nanostructure when the electromagnetic interaction 
amidst the free plasmons causes the splitting and shifting of 
the plasmon energies. We are the first to study this hybridi-
zation nature of the toroidal resonance response to the best 
of our knowledge.

Materials and Methods

The schematic description of the studied planar core-shell 
THz metasurface unit cell is shown (not in a scale) in Fig. 1 
a and b with the polarization of the incident THz beam. The 
core-shell structure has been fabricated by microfabrication 
process with a single photolithography step on an undoped 
high resistivity silicon (HR-Si) substrate. A 500-µm-thick 
HR-Si wafer with the resistivity ρ > 10 kΩ.cm and the crys-
tal orientation of <100> was used as a substrate to provide 
the required transparency in the THz spectrum. After clean-
ing in acetone and isopropanol, the wafer was coated with 
a negative photoresist (NLOF 2020) and patterned using 
UV lithography. Using the electron-beam evaporation, we 
deposited ~ 350 nm of aluminum at the vacuum pressure of 
∼ 3.2 ×  10−6 mTorr. Metal lift-off was done by soaking the 
sample in acetone for around 10~15 min at room tempera-
ture using the sonication bath. The SEM pictures shown in 
Fig. 1c were obtained using the JEOL 7000 tool. The fabri-
cated devices’ transmission spectrum was measured using a 
terahertz time-domain spectrometer (THz-TDS) setup with 
a frequency step size of ~ 10 GHz.

For the numerical modeling, a commercially available 
finite-difference time-domain (FDTD) solver-Lumerical 
2019 was used along with custom numerical analysis codes. 
For the simulation setup, perfectly matched layers (PMLs) 
with 64 layers were used in z-direction while maintaining 
periodic boundaries in x- and y-directions. Spatial grid size 

Fig. 1  (a) Schematic representation with specified geometrical 
parameters, (b) 3D rendering view with the polarization of the inci-
dent THz beam (m—showing the direction of magnetic moment; E & 

H—electric and magnetic field of incident THz beam; and T—toroi-
dal moment), and (c) SEM image of toroidal metamolecule
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of Δx = Δy = Δz = 0.1 µm was used in all simulations. A 
broadband plane wave pulse was injected in the z-direction 
for THz radiation and transmission, electric field, magnetic 
field, and surface-current distribution monitors were used 
to record the data. The high resistive silicon substrate’s 
permittivity was simulated using the refractive index of 
∼ 3.64 + i0.0001 for Si at the THz spectrum [36]. The fre-
quency-dependent complex permittivity of aluminum is 
assumed to be given by

where plasma frequency ωp = 2.243 × 1016  rad   s−1 and 
damping rate Γ = 1.2434 ×  1014 rad  s−1 [37].

Results and Discussions

The geometrical parameters of the core-shell structure have 
been finalized after several numerical investigations and 
optimization of the device geometry [38]. The geometrical 
parameters for the STTM cluster are R1 = 60 µm, R2 = 35 µm, 
W = 5 µm, D1 = 4 µm, D2 = 4 µm, L1 = 120 µm, L2 = 100 µm, 
g1 = 6 µm, g2 = 6 µm. The y-polarized incident THz beam 

(1)�(�) = �(∞) −

[

�p

�(� + iΓ)

]

,

was sent on the devices in both simulations and experiments, 
parallel to the unit cell’s symmetric blocks but perpendicu-
lar to the capacitive gap shown in Fig. 1b. Figure2 a and d 
show the simulated (dashed red curves) and experimentally 
measured (solid curves) normalized transmission ampli-
tude spectra for the core and shell resonators, respectively, 
along with the vectorial magnetic field distribution ((b) and 
(e)) and the surface current distribution ((c) and (f)). The 
FDTD calculated transmission spectra for the core resona-
tor present a minimum at 0.259 THz. The surface current 
analysis shows that the current (j) on the central axes of the 
semicircles flow in the same direction resulting in magnetic 
fields in the opposite direction at the center of the loops. 
The vectorial magnetic field distribution in panel (iii) also 
proves that magnetic fields are in a head-to-tail configura-
tion forming toroidal dipole moment (T) in the y-direction. 
Similarly, a minimum of 0.212 THz is observed in the shell 
resonator’s calculated transmission spectra (Fig. 2d). In both 
cases, the incident THz beam excites local modes that create 
circular magnetic fields at the center resulting in dramatic 
suppression of the electric dipole moment by the excited 
toroidal resonances [24, 39]. The total transmitted magnetic 
radiation from the magnetoplasmonic unit cell arrays can be 
obtained by integrating the scattered magnetic and incident 

Fig. 2  (a) Simulated and experimental transmission versus frequency 
spectra, (b) vectorial B field, and (c) surface current distribution (j) 
for core at 0.259 THz. (d) Simulated and experimental transmission 
versus frequency spectra, (e) vectorial B field, and (f) surface current 

distribution (j) for shell at 0.212 THz. The red arrows in (c) and (f) 
show the direction of the current (j) in the center strip of the resona-
tors
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electromagnetic fields. The magnetic (mc) and toroidal (Tc) 
dipolar moments can be defined as [16, 33]:

where J is the induced current density over the entire volume 
of the area and c is the light’s conventional speed. We cal-
culated the corresponding theoretical Q-factors for the simu-
lated spectra as Qcore

T ,sim
= 5.8 and Qshell

T ,sim
= 8 for the toroidal 

modes in core and shell resonators, respectively, using the 
minima of the induced toroidal dipolar features. The experi-
mentally measured curves closely follow the numerically 
predicted ones, particularly for the core resonator, while 
there is a small disagreement for the shell resonator. The 
minima in the measured spectra for the shell resonator 
occurs at 0.224 THz. The small disagreement might be 
caused by a slight difference between the actual optical 
parameters of the material and the ones used in the simula-
tions as well as the ambient conditions such as humidity, 
which could strongly affect the THz propagation. The losses 
in the experimental case also caused substantial degradation 
of the resonance and reduction of the observed quality fac-
tors to Qcore

T ,exp
= 3.5 and Qshell

T ,exp
= 4.6 for the core and shell 

resonators, respectively.

(2)
m

�
=

1

2c
∫ (r × J)d3r

T
�
=

1

10c
∫
[

(r.J)r − 2r2J
]

d3r

Toroidal Hybridization Concepts 
of the Proposed Planar Core‑Shell Structure

Next, we investigated the array of nanomatryoshka unit 
cells that combine core and shell resonators (Fig.  1c) 
numerically and experimentally. The numerically calcu-
lated transmission spectra shown in Fig. 3a (dashed curve) 
predicts two significant minima at 0.202  THz and 
0.308 THz with the quality factors of Qc−s1

T ,sim
= 4.5 and 

Qc−s2
T ,sim

= 5.9 , respectively. The surface current analysis 
shows that the current (j) on the central axes of the semi-
circles in both core and shell resonators flow in the same 
direction resulting in magnetic fields in the opposite direc-
tion at the center of the loops for the first minima (Fig. 3b). 
The vectorial magnetic field distribution is shown in 
Fig. 3c that also proves that magnetic fields are in a head-
to-tail configuration forming toroidal dipole moment (T) 
in the y-direction for both resonators. On the other hand, 
at the second minima at 0.308 THz, the current (j) on the 
central axes of the semicircles in core and shell resonators 
flow in opposite directions in an anti-symmetric fashion. 
This resonance mode also forms head-to-tail magnetic 
fields, and hence, toroidal moments but in opposite direc-
tions. The net toroidal moment is the vectorial sum of 
both. Figure 4 a shows the experimental transmission 

Fig. 3  (a) Simulated and experimental transmission versus frequency spectra for core-shell, (b) vectorial B field, and (c) surface current distribu-
tion (j) for core-shell at 0.202 THz, and (d) vectorial B field, and (e) surface current distribution (j) for core-shell at 0.308 THz
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spectra for the core-shell, core, and shell structures. As 
expected from the numerical studies, the combined core-
shell resonators present two minima shifted with respect 
to the minima at 0.214 THz and 0.439 THz with the qual-
ity factors of Qc−s1

T ,exp
= 4.2 and Qc−s2

T ,exp
= 6.2 , respectively. 

The core-shell structure’s behavior can be explained 
by a hybridization model similar to the one proposed for 
localized surface plasmons earlier in [40]. The plasmon 
hybridization model, in general, provides the intuitive pic-
torial view of the collective plasmon oscillation process of 
conduction electrons in core-shell metallic nanoparticles. 
This hybridization method follows the atomic molecular 
orbital theory to interpret the nanoparticles’ energy distri-
bution by providing the bonding and antibonding combi-
nations, i.e., hybridization of the individual nanoparticle 
plasmon. The plasmon hybridization model explains the 
plasmon resonances of metal-based nanostructures as the 
collection of plasmons from simpler geometries to con-
stitute an interacting system of “hybridization.” The elec-
tromagnetic interaction between the free plasmons in the 
metallic nanostructure can lead to hybridization by splitting 
and shifting the plasmon energies. Usually, the plasmon 
hybridization model is described based on the nanoparticle 
charge distribution analysis. In our case, we have followed 
the concept of plasmon hybridization theory to interpret 
our planar core-shell nanostructure hybridization utilizing 
the magnetic current oscillations. The geometry-dependent 
resonance response can be observed in the core-shell struc-
ture as an interaction between the two components fixed 
frequency plasmon response. This interaction results in 
producing two hybrid toroidal resonance modes: (a) bond-
ing mode (lower energy symmetric current distribution) 
and (b) antibonding mode (higher energy anti-symmetric 
current distribution). The |ωCS+ > mode corresponds to the 
anti-symmetric current distribution, and |ωCS− > mode cor-
responds to the symmetric current distribution between the 
core-shell structure (Fig. 4b). From Fig. 4a, we can con-
firm that the lower energy (bonding mode) of the core-shell 
structure is slightly lower than the lower energy of the shell 

only structure, whereas the higher energy (antibonding 
mode) of the core-shell structure much more striking than 
the higher energy of the core only structure. Figure 4 b 
shows the toroidal hybridization scheme, which explains the 
core-shell resonator transmission spectra using the bonding 
(|ωCS−>) mode and antibonding (|ωCS+>) mode. Instead of 
the charge distribution used in the plasmon hybridization 
model, the proposed device energy distribution is described 
based on the magnetic current oscillations represented by 
the arrows on the central axes in the figure. We can bolster 
our claim of toroidal hybridization in our planar core-shell 
structure utilizing the bonding and antibonding mode. This 
toroidal hybridization concept can predict and describe the 
toroidal resonance response of composite metallic nano-
structures of more comprehensive geometrical complexity.

Conclusion

In conclusion, we have demonstrated a planar nanomatry-
oshka type core-shell resonator that shows hybrid toroidal 
resonance modes at THz frequencies, both experimentally 
and numerically. Our analysis revealed that these modes 
result from the interaction of resonance toroidal modes of 
the shell and core components. Our work’s impact lies in 
forming hybrid toroidal moments in a spatially confined 
planar core-shell configuration that leads to exploring 
unique properties. The proposed planar core-shell toroi-
dal device is notably geometry dependent. The resonance 
response can be blue and red-shifted by tailoring the 
device geometry, making it extremely tunable. It is also 
possible to use the proposed design to investigate the Fano 
resonance response by breaking the device’s symmetry. 
This work can open a new horizon of potential applicabil-
ity for advanced THz photonics applications, including 
precise bio-sensing, fast-switching, narrow-band filters 
and modulation, diagnostic tools, data storage, polariza-
tion twister, near field lasing, and lasing spacer.

Fig. 4  (a) Experimental trans-
mission spectra for core-shell, 
core, and shell structures and 
(b) an energy level diagram, 
describing the interaction 
between the core and shell 
plasmon resonances based on 
the surface current distribution, 
resulting in the hybrid plasmon 
resonance of a concentric core-
shell nanomatryoshka structure
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