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Abstract 

We investigate the Plasmonic Induced Transparency (PIT) in 
a resonator structure consisting of two orthogonally arranged 
metal-insulator-metal (MIM) nanocavities by FDTD 
simulation and a classical mechanical model. The model 
calculations show the PIT caused in the orthogonally 
arranged cavities possesses a clear resonance order 
dependence. These results demonstrate the order selective 
spectrum modulation effect in nanoscale resonator structures . 

1. Introduction 

Metamaterials consist of subwavelength resonance 
nanostructures have brought us significant advances in light 
manipulation techniques. The extraordinary optical 
properties of the metamaterial arise as the dispersive property 
near the resonance frequency of individual nanostructure: 
meta-atom. Therefore, investigations of the resonance 
spectrum of the meta-atoms are indispensable for designing 
and making the metamaterials.  
One of the phenomena that can significantly modulate the 
spectral shape near the resonant frequency of the resonator is 
the electromagnetically induced transparency (EIT)-like 
effect, named plasmonic induced transparency (PIT) [1-3].  
The EIT is a quantum phenomenon that arises from 
interference between different excitation pathways in a three-
level atomic system. The PIT, a plasmonic analog of the EIT, 
occurs due to interference between plasmonic structures, 
such as metal rods and cavities. The PIT, which enables 
significant manipulation of the dispersive properties by 
coupling resonances between cavities, has been applied in 
various fields, such as sensing devices [4] and waveguide 
systems [5].  
In this work, we investigate the resonance interaction 
between the two types of MIM cavities that constitute the 
orthogonally arranged resonator structure [6,7]. A FDTD 
simulation reveals that the PIT phenomenon occurred when 
both cavities exhibited the first-order resonance at the same 
resonance frequency. However, the PIT phenomenon 
disappeared when one of the cavities exhibited second-order 
resonance. We also model the resonance order dependence 
of the PIT effect in this orthogonally arranged resonator by 
using the classical mechanical analog of PIT. 

2. Results 

 Figure 1 (a) shows a schematic of the resonator structure 
constructed by two different types of MIM cavity studied in 
this work. We put the Au block with a height of 100 nm on a 
Au/Al2O3 layer to form the open-ended cavity (hereinafter 
called “open cavity”). A narrow slit with a depth d ranging 
from 0 to 100 nm was incused in the upper Au block to form 
the closed cavity (“closed cavity”). A Au ridge as a coupler 
for launching SPP WPs was placed on the same surface, as 
shown in Fig. 1 (b). Time evolutions of the vertical 
component of electric fields (𝐸𝑦(𝑡)) were recorded at a point 
P, located at the right edge of the resonator structure and the 
center of the Al2O3 layer. We also prepared the reference 
model, which had an identical construction except for 
removing the resonator structure. We evaluated the resonant 
spectrum of the compound resonator, 𝑅(𝜔), as  

𝑅(𝜔) =
|𝐹𝑟𝑒𝑠(𝜔)|2

|𝐹𝑅𝑒𝑓(𝜔)|2 , (1) 

where 𝐹𝑟𝑒𝑠 (𝜔) and 𝐹𝑟𝑒𝑓 (𝜔) were the spectra calculated by 
the fast Fourier transform (FFT) of the 𝐸𝑦(𝑡) measured at 
point P in the resonator model and reference model, 
respectively. 
Figure 2 (a) shows typical resonance spectra obtained for 
several slit depths d in the closed cavity. The original open 
cavity (𝐿 =  100 nm) was prepared for having the first-order 
resonance at a wavelength near 1000 nm. The two-
dimensional plot of the resonance spectra as a function of the 
wavelength and d shown in Fig. 2 (b) more clearly shows the 
slit depth dependence of resonance spectra. Dashed white 

 

Figure 1: Schematic of multi-layered structures used for 
FDTD simulations. (a) Orthogonally arranged resonator 
structure and components. (b) The whole simulation area. 
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lines indicate the resonance wavelength of the closed cavity 
calculated by dispersion calculation of the MIM waveguide 
structure [7]. We can confirm the significant modulation 
along the resonance wavelength of the closed cavity. In 
contrast, the resonator based on a second-order resonance 
open cavity shown in Figs. 2 (c), (d) (L = 240 nm) is less 
influenced by the slit structure. 

3. Discussion 

First, we start with a system consisting of two magnetic 
dipoles 𝑃𝐶  and 𝑃𝑂 representing the closed and open cavities 
as a model for the case when the two cavities both exhibit the 
first-order resonance. The dynamic equation of the system 
can be described as linearly coupled Lorentzian oscillators as 
follow [2]: 

(
𝑃𝐶

𝑃𝑂
) = (𝜔𝐶

2 − 𝜔2 − 𝑖𝛾𝐶𝜔 −Ω2

−Ω2 𝜔𝑂
2 − 𝜔2 − 𝑖𝛾𝑂𝜔

)
−1

× (
0

𝑔1𝐸0
) , (2) 

where 𝜔𝐶  and 𝜔𝑂 are the resonant frequencies, 𝛾𝐶  and 𝛾𝑂 
are the damping constant of the dipoles, 𝑔1 is the coupling 
constant between the 𝑃𝑂 and the incident field, and Ω is the 
coupling constant between the two dipoles. For a simplicity 
model, we assumed the closed cavity decoupled from the 
external fields. 
In addition to the first model, we construct a system 
consisting of two dipoles that represent the open cavity (𝑃𝑂1 , 
𝑃𝑂2) and one dipole that represent the closed cavity (𝑃𝐶) as a 
model when the open cavity exhibits the second-order 
resonance (“second-order model”). Similar to Eq. (2), the 
dynamic equations follow [2,3],  

(
𝑃𝐶
𝑃𝑂1

𝑃𝑂2

) = (
𝜔𝐶

2 − 𝜔2 − 𝑖𝛾𝐶𝜔 −Ω2 −Ω2

−Ω2 𝜔𝑂
2 − 𝜔2 − 𝑖𝛾𝑂𝜔 0

−Ω2 0 𝜔𝑂
2 − 𝜔2 − 𝑖𝛾𝑂𝜔

)

−1

×  

(
0

𝑔1𝐸0
𝑔2𝐸0

).         (3) 

Here, we set the coupling constants 𝑔2 of the 𝑃𝐶2  with the 
incident field as  𝑔2  =  −𝑔1 to represent the 𝜋-phase shift 
between the two magnetic oscillations in the second-order 
resonance. The parameters were as follows: 𝜔𝑂  =  300 𝑇𝐻𝑧, 

𝛾𝐶 = 𝛾𝑂 =  25 , 𝛺 =  120 , 𝑔1  =  −𝑔2  =  1 , 𝐸0  =  1 . 
Based on Eq. (2) and (3), we can obtain the susceptibility of 
the dipole response, 𝜒𝑂 = 𝑃𝑂/𝐸0 and 𝜒𝑂1 = 𝑃𝑂1/𝐸0 .  
Figure 3 shows the imaginary parts of the 𝜒𝑂(ω) and 𝜒𝑂1(ω) 
representing the energy dissipation. The results of the two 
models shown in Fig. 3 indicates a similar trend to the FDTD 
simulation. In Fig. 3(b), the two oscillators couple and show 
a splitting into two modes due to the PIT, whereas in Fig. 
3(d), the resonance spectrum is invariant to the 𝑃𝐶  because 
the 𝑃𝐶  is not coupled to the 𝑃𝑂1  and 𝑃𝑂2 . 

4. Conclusions 

In conclusion, we numerically demonstrated the PIT 
phenomenon in the orthogonally arranged nanoscale 
resonator. In this resonator, significant modulation of 
resonance spectra due to the PIT phenomenon strongly 
depends on the resonance order of one of the two cavities.  
The order-selective PIT phenomenon observed in this study 
can be used to manipulate the resonance spectrum of the 
cavity, such as adjusting the exact spectral shape or 
suppression of resonances of a specific order. 
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Figure 2: Resonance spectra of the orthogonally arranged 
resonator obtained from FDTD simulation. 

 
 

Figure 3: Calculated energy dissipation spectra obtained 
from classical mechanical analog model.   


