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Abstract 

In this paper, by defining a new physical quantity called as the frequency offset in the harmonic 

oscillator model and combining with the established plasmon coupling model, we successfully 

explain the anti-crossing property caused by plasmon coupling of dimer composed of a silver 

nanoring and a silver nanorod. In the plasmons coupling model, we reasonably reveal that the 

physical mechanism of the coupling between bright mode and dark mode of the plasmons is 

mainly represented by the coulomb potential and the electrostatic potential. With this model, we 

explain also the asymmetric feature the variation of frequency offset and coupling coefficient with 

coupling distance. 

Keywords Anti-crossing • Frequency offset • Coulomb potential and electrostatic potential • 

Harmonic oscillator model 

 

1. Introduction 

The surface plasmons resonance generated by light field excitation of metal nanostructures is 

sensitive to the shape, size, structure, material and surrounding environment. The interaction 

between plasmons of the multiple nanostructures generates some phenomenons such as 

electromagnetically induced transparency (EIT)[1-18], Fano, crossing, and anti-crossing modes 

caused by the split of resonant modes, etc. These phenomenons have closely linked the coupling 
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of plasmonic , and the coupling model of harmonic oscillators is the primary one of the research 

method to study plasmons coupling. For example, Zhang et al. and Alzar et al. studied the like-EIT 

effect in trimetric plasmons with the coupling model of a harmonic oscillator[16, 18]. L. Novotny 

explored the splitting of energy states of atoms and light fields in a strongly coupling process in 

quantum physics using a harmonic oscillator coupling model[19]. L. Andrea et al. theoretically 

and experimentally demonstrated that a simple oscillator model is provided to predict and fit the 

plasmonic far-field scattering[20]. H. Cheng et al. analytically described destructive interference 

for the tunable plasmonically induced transparency (PIT) with the coupling Lorentz oscillator 

model[21]. Aiming at the coupling asynchrony of plasmons related to the coupling phase, we 

introduce a phase factor into the coupling coefficient in the coupling model of the harmonic 

oscillator, and reveal the mechanism of the asymmetry of the absorption spectrum after 

coupling[22, 23]. Z. Jorge et al. investigated the maximum near-field enhancements for the 

localized plasmons of metallic nanoparticles and nanostructures[24]. The results came directly 

from the physics of a driven and damped harmonic oscillator. J. B. Lassiter et al. explained the 

Fano resonance of nanodisk clusters visually by using a coupling oscillator picture[25]. Coupling 

oscillator is an intuitively and commonly physical model which interprets EIT, energy level 

repulsion, non-adiabatic process, and fast adiabatic passage et.al. 

Except for the coupling oscillator model, T. J. Davis and D. E. Gómez proposed a simple 

algebraic approach for modeling localized surface plasmons[26], which is derived from an 

electrostatic formalism and appropriate for near-field interaction of localized surface plasmons. 

In this paper, the plasmons coupling characteristics of asymmetric dimers composed of a silver 

nanoring and a silver nanorod are studied by changing the structure parameters with the Finite 

element method (FEM). The results show that the bright mode of the metal nanoring splits into 

two modes under the influence of the dark mode of metal nanorods, which show an asymmetric 

anti-crossing feature with the change of the nanorod’s length. The two splitting modes have 

asymmetric evolution characteristics when the gap between the naorod and nanoring is changed. 

When the dimer is rotated and form different angles between the nanorod and the linearly 

polarized light, the bright and dark mode of the naorod are generated at the meantime in the 
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polarized light field excitation. The influence of the bright mode on the nanoring is smaller than 

that of the dark mode. In order to give a clear physical explanation of the numerical results, we 

introduce a new coupling physical quantity   in the coupling model of a harmonic oscillator. 

By using the plasmonic coupling (CPEP) model[28, 29], the physical mechanism of the 

asymmetric anti-crossing feature is revealed, it represents the Coulomb potential as the dominant 

potential and the electrostatic potential as the supplementary. The results obtained from this model 

agree well with the numerical calculation. 

2.Dimer structure design  

We design a dimer structure consisting of a metal nanoring and a metal nanorod to be arranged 

periodically in an x-y plane on the glass substrate, as shown in Fig. 1(a, b). The length, width and 

the thickness of the one unit are a = 400 nm, b = 400nm and 100 nm in Fig. 1(a), respectively. As 

shown in Fig. 1(b), the thickness and the width of the nanorod both are 20 nm, the outer radius 

length and the inner radius length of the nanoring are 50 nm and 40 nm, respectively, and the 

thickness is 20 nm. The length of the nanorod is noted as h, and the gap between the nanorod and 

the nanoring is labeled as g; dissipation factor of the glass substrate is 0.0001. 

The Finite element method (FEM) was used to study the absorption characteristics, electric 

field, and charge distribution of dimer structure under the action of the light field; the material of 

dimer is silver, which is more sensitive to the light field and has wider spectral absorption. The 

dielectric constant of silver has been provided by the literature[27]. The perfectly matched layers 

which are used to ensure perfect absorption and reduce scattering should be set up in numerical 

simulation. The incident direction of the light field is along the z-axis, and the linear polarization 

direction of the light field is along the x-axis. 
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Fig. 1 Schematic diagram of the nanoring-nanorod dimer structure. (a) Periodically arranged dimer units. (b) 

Specific structure of a dimer unit. 

3.The coupling characteristics of Nanoring and Nanorod 

The Fig. 2 shows the evolution of the two resonance absorption spectra of the nanorings with the 

increase of the nanorod’s length in the dimer. The first line at the front in the Fig. 2, which the 

length of the nanorod is 110 nm, has only one the absorption peak, and it is resonant mode of the 

nanoring. The characteristic of the absorption spectra of the Fig. 2 appears that the intensity of the 

one absorption peak is from weak gradually to stronger, and another is from stronger gradually to 

weak. At the same time, both the short-wavelength and the long-wavelength resonance modes of 

the nanoring move total to the long-wavelength region, but the two modes move in different 

patterns. Both absorption peaks exhibit anti-cross characteristics with the increase of the 

nanorod’s length.The two modes are closest when the nanorod length is 250 nm.  
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Fig. 2 The evolution of the two resonant absorption spectra of the nanoring with the length of the nanorods in the 

dimer. This is an anti-crossing characteristic. The distance between the two is kept at g = 20 nm. 

When the polarized direction of the light field is perpendicular to the nanorod, the nanoring 

is excited only by the light field and the plasmons are produced on the surface of the nanoring. 

However, the plasmons of the nanorods are induced by the plasmons of the nanoring, rather than 

the result of direct excitation of the light field. Therefore, the increase of the nanorod’s length will 

change the distribution of the surface charge of the nanorod and the oscillation frequency of the 

plasmon, but does not affect the amount of total charges of the nanorod. In a word, the change of 

the surface charge distribution of the nanorod will lead to the change of the electric field of the 

nanorod and affect the coupling between the plasmons. This result will give a reasonable 

explanation in the coupling model established later. 
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Fig. 3 The evolution of the two resonant absorption spectra of nanorings with the change of the gaps between 

nanorod and nanoring in the dimer. The length of the nanorod is L = 250 nm. 

Fig. 3 shows the evolution of two split modes with the change of the gap between nanoring 

and nanorod. The closer the gap are, the stronger the coupling and the larger the frequency 

different of the splitting mode. As the gap increases, the coupling strength will weaken; at the 

same time, the two modes exhibit an asymmetry evolution law. When the gaps is g = 70-90 nm, 

the absorption spectra shows an EIT-like effect. When the gap is greater than 200 nm, only a 

single resonant absorption mode of the nanoring appears, which indicates that the coupling is 

weak.  

 



7 

 

 

Fig. 4 The evolution of the absorption spectra with the change of the angels between the polarization direction of 

the excitation light and the nanorod, which are 90°, 60°, 30°, and 0°, respectively. 

When the polarization direction of the excited light field is perpendicular to the silver 

nanorods, that is, 90°, the nanorods cannot be excited by the light field and only be induced by the 

nanoring to generate plasmons in the longitudinal direction. Then, the coupling between the bright 

mode of the nanoring and the dark mode of the nanorod splits the bright mode into two modes, the 

electric field distribution is shown in Fig. 4(a). When the angle between the polarization direction 

of the light field and the nanorod is 60°, a new absorption peak in the absorption spectra appears 

in the short-wave region, which is dominated by the electric field of the nanorod. At the same time, 

there is also a smaller absorption peak between the two splitting absorption peaks, which is 

dominated by the nanoring electric field, as shown in Fig. 4(b). This is because the polarized light 

field can be decomposed into components of the vertical nanorods and parallel nanorods, the 

parallel component of the light filed excites the nanorods and produces a short-wavelength 

resonant absorption peak, and vertical component of the light filed excites the nanoring and 

produces an intermediate resonant absorption peak between splitting modes. When the angle 
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between the polarization direction of the light field and the nanorod is 30°, the polarized light 

intensity of the parallel nanorod component increases, so that the two newly-appearing absorption 

peaks increase as well, as shown in Fig. 4(c). Due to the decrease of the vertical component of the 

light field, the two absorption peaks of splitting are obviously weakened. When the angle between 

the polarization direction of the light field and the nanorod is 0°, it means that the polarized light 

has only the component of the parallel nanorod. The short wavelength absorption peak comes 

from the nanorod excited by the light field , and the other comes from the nanoring excited by the 

light field ,as shown in Fig. 4(d). 

The above numerical calculation results show that the coupling process between the 

plasmons mainly occurs between the bright mode of the nanoring and the dark mode of the 

nanorod, meanwhile, the intensity of the coupling is related to the structure, as shown in Fig. 2, 

Fig. 3 and Fig. 4(b, c, d). The change of the nanorod’s length can cause anti-crossing 

characteristics of the absorption peaks; the bright mode splitting process of the nanoring can be 

shown by changing the gap between the nanoring and the nanorod, and the two absorption peaks 

exhibit asymmetric evolution with gap variation. In order to explain the above numerical 

calculation results, we introduce a new coupling physical quantity   and establish a plasmonic 

coupling (CPEP) model[28, 29]. The physical mechanism of the asymmetric anti-crossing feature 

is revealed by the new model, and the calculation results with the model are agreed well with the 

numerical calculation. 

4. Coupling model 

(1) Coupling model of the classical oscillator 

In the following discussion, we suppose that the bright and dark mode can be considered as two 

harmonic oscillators with same mass, the resonant frequencies of the two oscillators are 
A

  and 

B
 , respectively, and the coupled coefficient is  . The bright mode is expressed as   i t

a e
 , 

which is excited by the incident light field ( 0

i t
E E e

 ); the dark mode can be written as   i t
b e

 , 

which cannot be directly excited by the incident light field. A new parameter is defined, i.e. the 

frequency offset   produced from the coupling of two harmonic oscillators. The resonant 
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frequency ( A
 ) of one oscillation convert to a new frequency 

A
  , in which '

A A
    ; at 

the same time, one of another is expressed as B A
      ,   is the difference 

between A
  and B

 and is so small that ,A B
  = . When the coupling between the two 

oscillators disappears, the frequency offset disappears at the same time, that is, 0    . 

A
     is the difference of frequency between the acting light field and the  resonant 

frequency of the oscillator. According to the previous description, the coupling equation of bright 

mode and dark mode can be written as[16, 28, 29] 

0

0

Ea

b

 

  

 


 
   
   

    
                       (1) 

If only considering case of the resonant excitation, it means is that the frequency of the light field 

is equal to A
 ( 0

A
     ), then the eigenfrequencies of the coupled oscillators can be 

written as  

     

2

2

1

2
2

2

2 2

2 2

 




  


 
   


 

   

    
    

   
    

    

                    (2) 

Fig. 5 shows the evolution of the eigenfrequency of the coupled oscillators obtained from the 

coupled oscillator model. Obviously, when the coupling exists, the eigenvalues show an 

anti-crossing and symmetrical evolution law with the resonant frequency difference of the two 

oscillators. The result of the Fig. 5(b) is somewhat similar to the result of Fig. 2, and the difference 

is that the result of the Fig. 2 exhibit asymmetrical anti-crossing characteristics. This shows that 

the results of numerical calculations are not determined by a single variable or a single physical 

quantity. In the case 0  ,the evolution pattern is the same as that in Fig. 5(b) except that the 

two curves shift upward. 
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Fig. 5 The evolution of the eigenfrequency of the coupled oscillators; (a) the evolution of the two eigenvalues of 

the coupled oscillators with the change of the resonant frequency difference of the two oscillators for the case 

0    ; (b) the symmetrical anti-cross evolution of the eigenfrequencies of the coupled oscillators for the 

case 0   and 0   ; (c) the symmetric evolution of the eigenfrequencies of the coupled oscillators for the 

case 0   . 

(2) Plasmonic coupling model 

We first briefly review the model description in literature[28, 29]. In the near-field, the interaction 

between metal structures is dominated by electrostatic fields on the nanoscale[26，28, 29]. 

According to the analysis of the previous numerical calculation results, it is considered that the 

bright mode near the dark mode is a detectable plasmon. The electric potential solution of the 

Poisson equation for the all charges can be written as  

    ' /

0

'
4

s
x-x le

x'
x e dV

x - x'





                      (3) 
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Where s
l  is called the shielding 2 0

2

0

s

e

kT
l

e




 , 'x - x is the distance of the interaction between 

bright and dark modes. In the case of near-field action, 'x - x satisfies the relationship 

'
s

lx - x = ; therefore, the exponential term can be expanded with series and retained to the first 

three terms, for example
2

x- x ' ' '1
1 +

2
s

x - x x - x
Exp

l l l
s s

  
          

. Assuming that the charge 

density is only concentrated in a small volume range V , then  ' V=Q
e

x  . From this, the 

electric potential can be expressed as: 

  0 2

0 0 s

1 1
+ +

4 8
s

Q Q
x x - x'

x - x' l l
 

 
 

 
 
 

          (4) 

The first three terms are the initial potential, the Coulomb potential, and the electrostatic 

potential, respectively. The potential energy can be expressed as

  0 2

0 0 s

1 1 1 1
+ +

2 2 4 8
s

Q Q
W Q x Q x - x'

x - x' l l
 

 
   

  
  

  
. Meanwhile, the absorption energy 

of plasmonic the bright mode is W N  h , where N  is the number of nanoplasmons,   is 

the resonant frequency of the plasmons. When the potential energy and the absorption energy are 

equal, the resonance frequency of the bright mode can be obtained as 

2 2

0

2

0 0 s

2 2 2

0

2

0 0 0 s

0 1

2

1 1
+ + '

8 16

1
 = + + '

8 8 ' 16

 + '
'

i

s

s

i i

i

Q Q

N l l N

Q Q Q

l N N l N

d
d

 

  

   

 

  

 
 
 

  
  

   

x - x
x - x'

x - x
x - x

x - x
x - x

h h

h h h
      (5) 

The symbols 1, 2i   represent the two modes after the splitting of the bright mode; '-x x  

is the center distance of the coupling between the nanoring and the nanorod; 
0
(THz)

i  is the 

constant term and determines the initial frequency; 1i
d (THz/nm) is Coulomb potential 

coefficient; 2i
d (THz/nm) is electrostatic potential coefficient. Eq. (5) describes that the 
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frequency of the bright mode of the coupled plasmon is equal to the real part of the 

eigenfrequency obtained by the coupling model of the harmonic oscillator from Eq. (2), i.e.,

0

1,2 1,2
  , The relationship between the coupling parameter of plasmons and the interaction 

distance can be written as 

0 1

1,2 2

2

2

 + '
'

2 2

i i

i

d
d

 


  

 
     

 
 

x - x
x - x

m

                    (6) 

5. Results discussion 

According to the previous numerical calculation results and electric field distribution diagram, the 

interaction distance between nanoring plasmons and nanorod plasmons is expressed as the 

distance from the center of the nanoring to the center of the nanorod, as shown in Fig. 6 (a, b). In 

this way, the coupling distance can be expressed as 
2 2

' x y x - x . When the length of the 

nanorods changes, x is a variable and y is a constant; when the gap between the nanorod and the 

nanoring changes, y is a variable and x is a constant. When the nanorods revolve around the center 

of the nanorods, the expression 
2 2

' x y x - x remains unchanged. 

 

Fig.6 (a) The schematic diagram of the electric field distribution of the the nanoring and nanorod. (b) The 

coupling distance of the nanoring and nanorod simplified diagram. 
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The numerical calculation results of anti-crossing evolution of the dimer with the Finite 

element method (FEM) are shown in the scattered points in Fig. 7(a).The curvature of the upper 

curve is greater than that of the lower curve, the two curves are asymmetric. Therefore, the result 

cannot be explained reasonably by the harmonic oscillator coupling model. Then according to the 

plasmon coupling theory model Eq. (6), we calculate the dimer resonant absorption peak with the 

change of the nanorod’s length, as the solid line in Fig. 7(a) shown this. The asymmetry of the two 

curves in Fig. 7(a) is dominated by two parameters of the frequency offset   and the coupling 

coefficient  , which are function of the coupling distance. Both the Coulomb potential and 

electrostatic potential are important in the coupling process. In Fig. 7(b), 1 2
( ) / 2   

corresponds to the evolution curve of / 2 , and 2 1
( ) / 2   corresponds to the 

evolution relationship of 

1/ 2
2

2

2







  
  

  
. The two curves behave differently as the length of the 

nanorod changes. It shows that the parameters of the of the frequency offset   and the 

coupling coefficient  have different behave withe change of the nanorod’s length.  
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Fig. 7 (a) The two scatter curves are the absorption peak with the change of the nanorod’s length in Fig. 2, 

and the solid line is the calculation result of the coupling model; (b) The evolution of coupling parameters 

with the change of the nanorod’s length. The ordinate is based on the resonance frequency of a single 

nanoring as the origin. 
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Fig. 8 (a) The two scatter curves are the evolution of the resonance absorption peak in Fig. 3 with the change of 

the distance between the nanoring and the nanorod. The solid line is the calculation result of Eq. (6); (b) The 

evolution of coupling parameters with the change of the nanorod’s length. The ordinate is based on the resonance 

frequency of a single nanoring as the origin. 

Fig. 8 shows the evolution of the splitting resonant absorption peaks of the bright mode 

caused by the coupling of the nanoring bright mode and the nanorod dark mode with the gap 

change between the nanoring and the nanorod. The solid line in Fig. 8(a) is the calculation result 

by using Eq. (6); the scatter curve data come from the numerical calculation in Fig. 3. When the 

coupling distance is larger, the coupling effect disappears. The affection of the Coulomb potential 

is obviously larger than that of the electrostatic potential in the coupling process. At this time, the 

distance between the two curves in Fig. 8(a, b) can be written as 
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1

2

1 2 2 1

0
2 2

2 2

2 2 2

 


 
 

    

 
   

 
   

  
 







  。                          (7) 

Obviously, the closer the coupling distance, the greater the coupling strength, and the farther 

the splitting distance of the resonance absorption peak. It also shows that the two coupling 

parameters have different evolution laws. Moreover, under the influence of different coupling 

conditions, the evolution law of coupling parameters is different, as shown in Fig. 7 and Fig. 8 (b). 

In the above two cases, the change of the coupling condition caused by the change of the dimer 

structure can be attributed to the change of the coupling distance. Therefore, the previous coupling 

model can be used to give a good explanation. The difference is the change of coupling distance, 

one is longitudinal and the other is horizontal, as shown in Fig. 7 and Fig. 8. 

6.Conclusion 

In summary, we designed a dimer structure composed by a nanoring and a nanorod in the article. 

Using the coupling model to get the relationship between the coupling parameters and the 

coupling distance is the purpose of this article. The Coulomb potential and electrostatic potential 

interaction dominate the coupling processes. By combining the harmonic oscillator model with the 

coupling model, we not only explain the effect of the coupling distance change on the absorption 

spectra of the dimer, but also successfully explain the anti-crossing physical effect. Moreover,we 

discussed coupling process under three conditions. First, the plasmon of the nanoring is excited 

directly by the light field when the polarization direction of the excitation light field is 

perpendicular to the nanorod, and it is a bright mode. Meantime, the bright mode induce nanorod 

to generate a dark mode, then the interaction or coupling between them causes the bright mode 

split. At this time, the splitting bright mode exhibits the anti-crossing characteristics by changing 

the nanorod’s length. Second, the smaller the coupling distance is, the stronger the coupling is, the 

larger the bright mode splitting distance is. As the coupling distance increases, the coupling 

becomes weaker. Finally, the change of the coupling between the bright mode and the dark mode 
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is observed with the change of the polarization direction of the excitation light field.  
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Figures

Figure 1

Schematic diagram of the nanoring-nanorod dimer structure. (a) Periodically arranged dimer units. (b)
Speci�c structure of a dimer unit.



Figure 2

The evolution of the two resonant absorption spectra of the nanoring with the length of the nanorods in
the dimer. This is an anti-crossing characteristic. The distance between the two is kept at g = 20 nm.



Figure 3

The evolution of the two resonant absorption spectra of nanorings with the change of the gaps between
nanorod and nanoring in the dimer. The length of the nanorod is L = 250 nm.



Figure 4

The evolution of the absorption spectra with the change of the angels between the polarization direction
of the excitation light and the nanorod, which are 90°, 60°, 30°, and 0°, respectively.



Figure 5

“See the Supplemental Files section for the complete �gure caption”.



Figure 6

(a) The schematic diagram of the electric �eld distribution of the the nanoring and nanorod. (b) The
coupling distance of the nanoring and nanorod simpli�ed diagram.



Figure 7

(a) The two scatter curves are the absorption peak with the change of the nanorod’s length in Fig. 2, and
the solid line is the calculation result of the coupling model; (b) The evolution of coupling parameters
with the change of the nanorod’s length. The ordinate is based on the resonance frequency of a single
nanoring as the origin.



Figure 8

(a) The two scatter curves are the evolution of the resonance absorption peak in Fig. 3 with the change of
the distance between the nanoring and the nanorod. The solid line is the calculation result of Eq. (6); (b)
The evolution of coupling parameters with the change of the nanorod’s length. The ordinate is based on
the resonance frequency of a single nanoring as the origin.

Supplementary Files



This is a list of supplementary �les associated with this preprint. Click to download.

FigCaption5.docx

https://assets.researchsquare.com/files/rs-162249/v1/0f4c02270b70c20f79d5ca78.docx

