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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 com-
bining 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 plasmon 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

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 nanostruc-
tures generates some phenomena such as electromagneti-
cally induced transparency (EIT) [1-18], Fano, crossing, and
anti-crossing modes caused by the split of resonant modes,
etc. These phenomena have closely linked the coupling 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 sim-
ple oscillator model is provided to predict and fit the plas-
monic far-field scattering [20]. H. Cheng et al. analytically
described destructive interference for the tunable plasmoni-
cally induced transparency (PIT) with the coupling Lorentz
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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 nano-
particles and nanostructures [24]. The results came directly
from the physics of a driven and damped harmonic oscil-
lator. J. B. Lassiter et al. explained the Fano resonance of
nanodisk clusters visually by using a coupling oscillator pic-
ture [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. Gémez 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 param-
eters 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
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gap between the nanorod 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 nanorod are generated at the meantime in the
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 AQ
in the coupling model of a harmonic oscillator. By using
the plasmonic coupling (CPEP) model [28, 29], the physi-
cal mechanism of the asymmetric anti-crossing feature is
revealed, it represents the Coulomb potential as the domi-
nant potential and the electrostatic potential as the supple-
mentary. The results obtained from this model agree well
with the numerical calculation.

Dimer Structure Design

We design a dimer structure consisting of a metal nanor-
ing and a metal nanorod to be arranged periodically in an
x—y plane on the glass substrate, as shown in Fig. la, b.
The length, width, and the thickness of the one unit are
a=400 nm, »=400 nm, and 100 nm in Fig. 1a, respectively.
As shown in Fig. 1b, 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 %, and the gap between the nanorod and
the nanoring is labeled as g; dissipation factor of the glass
substrate is 0.0001.

The FEM was used to study the absorption characteris-
tics, electric field, and charge distribution of dimer structure
under the action of the light field; the material of dimer is
silver, which exhibits narrower and more intense plasmon
resonances in the visible range due to its lower absorption
losses and its higher plasma frequency value [27].

Fig. 1 Schematic diagram of the
nanoring-nanorod dimer struc-
ture. a Periodically arranged
dimer units. b Specific structure
of a dimer unit
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The dielectric constant of silver has been provided by the
literature [28]. 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.

The Coupling Characteristics of Nanoring
and Nanorod

Figure 2 shows the evolution of the two resonance absorp-
tion 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 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.

When the polarized direction of the light field is per-
pendicular 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




Plasmonics (2021) 16:2305-2314

2307

Fig.2 The evolution of the two —_— -

resonant absorption spectra of
the nanoring with change of the
length (h) of the nanorods in the
dimer. It shows an anti-crossing
characteristic. The distance
between the two is kept at
g=20 nm

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 cou-
pling model established later.

Figure 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 fre-
quency 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.

325
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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 longitu-
dinal 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. 4a. When the angle between the polariza-
tion 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
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Fig.3 The evolution of the two resonant absorption spectra of nanor-
ings with the change of the gaps between nanorod and nanoring in the
dimer. The length of the nanorod is L=250 nm

in Fig. 4b. 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 reso-
nant absorption peak, and vertical component of the light
filed excites the nanoring and produces an intermediate reso-
nant absorption peak between splitting modes. When the
angle 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. 4c. Due to the decrease of the vertical component of
the light field, the two absorption peaks of splitting are obvi-
ously 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 paral-
lel 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. 4d.

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 Figs. 2, 3 and 4b—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 chang-
ing 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
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results, we introduce a new coupling physical quantity AQ
and establish a plasmonic coupling (CPEP) model [29, 30].
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.

Coupling Model
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 oscil-
lators are w, and wy, respectively, and the coupled coeffi-
cient is . The bright mode is expressed as a(w)e’®, which
is excited by the incident light field (E = Eye"); the dark
mode can be written as b(w)e™, which cannot be directly
excited by the incident light field. A new parameter is
defined, i.e., the frequency offset AQ produced from the
coupling of two harmonic oscillators. The resonant fre-
quency (w,) of one oscillation convert to a new frequency
w,’, in which w," — @, = AQ; at the same time, one of
another is expressed as wp = w4 + AQ — Aw, Aw is the dif-
ference between w, and wy and is so small that Aw < w, p.
When the coupling between the two oscillators disappears,
the frequency offset disappears at the same time, that is,
k=AQ=0. 6 =w, —w 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, 29, 30]:

5+ AQ K a\ ([ E |
k s+A0—a0 )\ b))\ o M
If only considering case of the resonant excitation, it
means is that the frequency of the light field is equal to w,

(6 = w — w, = 0), then the eigenfrequencies of the coupled
oscillators can be written as

2

O 2 Aw

o\ _ AQ > K‘+<2)
o) = 2 @)

Aw
AQ- 22 4

Figure 5 shows the evolution of the eigenfrequency of
the coupled oscillators obtained from the coupled oscillator
model. Obviously, when the coupling exists, the eigenval-
ues show an anti-crossing and symmetrical evolution law
with the resonant frequency difference of the two oscillators.
The result of Fig. 5b is somewhat similar to the result of
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Fig.4 The evolution of the absorption spectra with the change of the angles between the polarization direction of the excitation light and the

nanorod, which are 90°, 60°, 30°, and 0°, respectively

Fig. 2, and the difference is that the result of 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
AQ # 0O,the evolution pattern is the same as that in Fig. 5b
except that the two curves shift upward.

Plasmonic Coupling Model

We first briefly review the model description in litera-
ture [29, 30]. In the near-field, the interaction between
metal structures is dominated by electrostatic fields on the
nanoscale [26, 29, 30]. According to the analysis of the pre-
vious 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

/
P(x) = / rld) b=y
4reglx — x|

where [ is called the shielding /2 =

3

kT
e2o,,’
tance of the interaction between bright and dark modes. In
the case of near-field action, |x — x’| satisfies the relationship
|x —x'| <« I; therefore, the exponential term can be
expanded with series and retained to the first three terms,

, N2
for example Exp(—lx;—xll)zl—ﬂ.pl(M) )

|x — x'| is the dis-

1, 2\ 4
Assuming that the charge density is only concentrated in
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Fig.5 The evolution of the
eigenfrequency of the coupled
oscillators. a The evolution of
the two eigenvalues of the cou-
pled oscillators with the change
of the resonant frequency

difference of the two oscillators
for the case AQ = k = 0. b The
symmetrical anti-cross evolu-
tion of the eigenfrequencies

of the coupled oscillators for

Frequency (THz)

the case AQ =0andx #0. ¢
The symmetric evolution of the
eigenfrequencies of the coupled
oscillators for the case Aw # 0

(b)
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a small volume range AV, then p, (x’)AV = Q. From this,
the electric potential can be expressed as:

0} 1 1 Y ’
+ -= )+ -
dre, < lx—=x"| I > 8reyl2 =¥ @

The first three terms are the initial potential, the Cou-
lomb potential, and the electrostatic potential, respectively.
The potential energy can be expressed as AW = %Q(p(x) = %

[¢] 1 _ l [ - .
Q(‘Po + ( lf) + oy lx — x |>. Meanwhile, the

4reg \ |x—x'|
absorption energy of plasmonic the bright mode is
AW = NhQ, where N is the number of nanoplasmons, Q 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

p(x) = @,

@ Springer

0 1 1 > 0
Q=" + -2 )+
! 8regNh \ |x —x'| [ 16760 2Nh

b= x|

Q? 0? 1 0?

=(Q° - -
< SregiNh ) regNn \ v =21 ) ¥ Tore,BNR o=
dil

—Q° 4
[x — x|

+dplx—x|
&)
The symbols i = 1,2 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;
Q(THz) is the constant term and determines the initial fre-
quency; d;;(THz/nm) is Coulomb potential coefficient; d;,
(THz/nm) is electrostatic potential coefficient. Equation (5)
describes that the frequency of the bright mode of the cou-
pled plasmon is equal to the real part of the eigenfrequency
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Fig.6 a The schematic diagram
of the electric field distribution
of the nanoring and nanorod.

b The coupling distance of the
nanoring and nanorod simpli-
fied diagram

()

obtained by the coupling model of the harmonic oscillator

i0
from Eq. (2),i.e., Q) , = &’ ,» The relationship between the @ = Q Ix— x| + dp|x - Y|
coupling parameter of plasmons and the interaction distance 5 (6)
can be written as = AQ — Aw T1/K2 + (ﬂ)

2 2

Fig.7 a The two scatter curves 250 ( a)
are the absorption peak with the
change of the nanorod’s length D00 PN - - - - oo e

(h) in Fig. 2, and the solid

line is the calculation result

of the coupling model. b The
evolution of coupling param-
eters with the change of the
nanorod’s length (h). The ordi-
nate is based on the resonance
frequency of a single nanoring
as the origin
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Results Discussion

According to the previous numerical calculation results
and electric field distribution diagram, the interaction dis-
tance between nanoring plasmons and nanorod plasmons
is expressed as the distance from the center of the nanor-
ing to the center of the nanorod, as shown in Fig. 6a, b.
In this way, the coupling distance can be expressed as
|x —x'| = /%2 + y*. 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
|x —x'| = 4/x% + y? remains unchanged.

The numerical calculation results of anti-crossing evolu-
tion of the dimer with the FEM are shown in the scattered
points in Fig. 7a.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

Fig.8 a The two scatter curves
are the evolution of the reso-
nance absorption peak in Fig. 3
with the change of the distance
(g) 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 distance (g) between

the nanoring and the nanorod.
The ordinate is based on the
resonance frequency of a single
nanoring as the origin

N w
o o

-
o

Frequency (THz)

nanorod’s length, as the solid line shown in Fig. 7a. The
asymmetry of the two curves in Fig. 7a is dominated by two
parameters of the frequency offset AQ and the coupling coef-
ficient k', which are function of the coupling distance. Both
the Coulomb potential and electrostatic potential are impor-
tant in the coupling process. In Fig. 7b, (0, + @,)/2 corre-
sponds to the evolution curve of AQ— Aw/2, and
(w, — @,)/2 corresponds to the evolution relationship of

2
<K2 + (%) > . The two curves behave differently as the

length of the nanorod changes. It shows that the parameters
of the of the frequency offset AQ and the coupling coeffi-
cient ¥ have different behave with the change of the
nanorod’s length.

Figure 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. 8a 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

N
o

Frequency (THz)

0 50

100 150 200

The gaps of the nanoring and nanorod (nm)
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obviously larger than that of the electrostatic potential in the
coupling process. At this time, the distance between the two
curves in Fig. 8a, b can be written as.

a)1=—7+7=0

w2=%+%=Aa) o %
W +®, 0,—-0;  Aw

2 2 2

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. Moreo-
ver, under the influence of different coupling conditions, the
evolution law of coupling parameters is different, as shown
in Figs. 7 and 8b. In the above two cases, the change of the
coupling condition caused by the change of the dimer struc-
ture 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 Figs. 7 and 8.

Conclusion

In summary, we designed a dimer structure composed by
a nanoring and a nanorod in the article. Using the cou-
pling 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 com-
bining the harmonic oscillator model with the coupling
model, we not only explain the effect of the coupling dis-
tance 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. In the meantime, the bright mode
induce nanorod to generate a dark mode; then, the inter-
action 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 is
observed with the change of the polarization direction of
the excitation light field.

Author Contribution All authors contributed to the study conception
and design. COMSOL calculations and data collection and analysis
were performed by Jianxin Zhang; review and editing were performed
by Jian Zhang and Yongfang Li. All authors have read and agreed to
the published version of the manuscript.

Availability of Data and Material The authors declare that data and
material are available.

Code Availability The data that support the findings of this study are
available from the corresponding author upon reasonable request.

Declarations

Ethics Approval The paper reflects the authors’ own research and
analysis in a truthful and complete manner. This research does NOT
involve human participants or animal; thus, no ethical approval and
patient consent are required.

Consent to Participate The authors consented to participate.

Consent for Publication The authors consented to publish.

Conflict of Interest The authors declare no competing interests.

References

1. Harris SE (1996) Electromagnetically induced transparency in
an ideal plasma. Phys Rev Lett 77(27):5357
2. Fleischhauer M, Imamoglu A, Marangos JP (2005) Electromag-
netically induced transparency: Optics in coherent media. Rev
Mod Phys 77(2):633-673
3. Yin X, Feng T, Yip S, Liang Z, Hui A, Ho JC, Li J (2013) Tai-
loring electromagnetically induced transparency for terahertz
metamaterials: from diatomic to triatomic structural molecules.
Appl Phys Lett 103(2):021115
4. lJing H, Zhu Z, Zhang X, Gu J, Tian Z, Ouyang C, Han J, Zhang
W (2013) Plasmon-induced transparency in terahertz metama-
terials. Sci China Inf Sci 56(12):120406
5. Hau LV, Harris SE, Dutton Z, Behroozi CH (1999) Light speed
reduction to 17 metres per second in an ultracold atomic gas.
Nature 397(6720):594-598
6. Liu X, Gul, Singh R, Ma Y, Zhu J, Tian Z, He M, Han J, Zhang
W (2012) Electromagnetically induced transparency in terahertz
plasmonic metamaterials via dual excitation pathways of the dark
mode. Appl Phys Lett 100(13):131101
7. Liu YC, Li BB, Xiao YF (2017) Electromagnetically induced trans-
parency in optical microcavities. Nanophotonics 6(5):789-811
8. Xiao S, Wang T, Liu T, Yan X, Li Z, Xu C (2018) Active modula-
tion of electromagnetically induced transparency analogue in tera-
hertz hybrid metal-graphene metamaterials. Carbon 126:271-278
9. Krauss TF (2008) Why do we need slow light? Nat Photonics
2(8):448-450
10. Kekatpure RD, Barnard ES, Cai W, Brongersma ML (2010)
Phase-coupled plasmon-induced transparency. Phys Rev Lett
104(24):243902
11. Maleki L, Matsko AB, Savchenkov AA, Ilchenko VS (2004) Tun-
able delay line with interacting whispering-gallery-mode resona-
tors. Opt Lett 29(6):626-628
12. Yanik MF, Suh W, Wang Z, Fan SH (2004) Stopping light in
a waveguide with an all-optical analog of electromagnetically
induced transparency. Phys Rev Lett 93(23):233903

@ Springer



2314

Plasmonics (2021) 16:2305-2314

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Xu QF, Sandhu S, Povinelli ML, Shakya J, Fan SH, Lipson M (2006)
Experimental realization of an on-chip all-optical analogue to elec-
tromagnetically induced transparency. Phys Rev Lett 96(12):123901
Tassin P, Zhang L, Koschny T, Economou EN, Soukoulis CM
(2009) Low-loss metamaterials based on classical electromagneti-
cally induced transparency. Phys Rev Lett 102(5):053901

Liu N, Langguth L, Weiss T, Kaestel J, Fleischhauer M, Pfau T,
Giessen H (2009) Plasmonic analogue of electromagnetically
induced transparency at the Drude damping limit. Nat Mater
8(9):758-762

Zhang S, Genov DA, Wang Y, Liu M, Zhang X (2008) Plasmon-
induced transparency in metamaterials. Phys Rev Lett 101(4):047401
Papasimakis N, Fedotov VA, Zheludev NI, Prosvirnin SL (2008)
Metamaterial analog of electromagnetically induced transparency.
Phys Rev Lett 101(25):253903

Alzar CLG, Martinez MAG, Nussenzveig P (2002) Classical analog
of electromagnetically induced transparency. Am J Phys 70(1):37-41
Novotny L (2010) Strong coupling, energy splitting, and level
crossings: a classical perspective. Am J Phys 78(11):1199-1202
Lovera A, Gallinet B, Nordlander P, Martin OJF (2013) Mecha-
nisms of Fano resonances in coupled plasmonic systems. ACS
Nano 7(5):4527-4536

Cheng H, Chen S, Yu P, Duan X, Xie B, Tian J (2013) Dynami-
cally tunable plasmonically induced transparency in periodically
patterned graphene nanostrips. Appl Phys Lett 103(20)

Zhang J, Xu Y, Zhang J, Ma P, Zhang M, Li Y (2018) Extended
coupled Lorentz oscillator model and analogue of electromag-
netically induced transparency in coupled plasmonic structures.
Journal of the Optical Society of America B-Optical Physics
35(8):1854-1860

@ Springer

23.

24.

25.

26.

27.

28.

29.

30.

Ma PP, Zhang J, Liu HH, Zhang J, Xu YG, Wang J, Zhang MQ,
Li YF (2016) Plasmon induced transparency in the trimer of gold
nanorods. Acta Physica Sinica 65(21):203112

Zuloaga J, Nordlander P (2011) On the Energy Shift between
Near-Field and Far-Field Peak Intensities in Localized Plasmon
Systems. Nano Lett 11(3):1280-1283

Lassiter JB, Sobhani H, Knight MW, Mielczarek WS, Nordlander
P, Halas NJ (2012) Designing and deconstructing the Fano line-
shape in plasmonic nanoclusters. Nano Lett 12(2):1058-1062
Davis TJ, Gomez DE (2017) Colloquium: an algebraic model of
localized surface plasmons and their interactions. Rev Mod Phys
89(1):011003

Ferreiro-Vila E, Gonzalez-Diaz JB, Fermento R, Gonzélez MU,
Garcia-Martin A, Garcia-Martin JM, Cebollada A, Armelles G,
Meneses-Rodriguez D, Sandoval EM (2009) Intertwined magneto-
optical and plasmonic effects in Ag/Co/Ag layered structures. Phys
Rev B 80(12):125132-125139

Johnson PB, Christy RW (1972) Optical constants of the noble
metals. Phys Rev B 6(12):4370-4379

Zhang J, Xu YG, Zhang JX, Guan LL, Li YF (2020) Bright-dark
mode coupling model of plasmons. Chinese Physics Letters
37(3):037101

Guan L, Zhang J, Xu Y, Zhang J, Li Y (2019) Impact of the
coulomb potential and the electrostatic potential on the eigen-
frequencies of the coupled plasmons. Plasmonics 15(2):351-359

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	Plasmons Coupling and Anti-crossing of Nanometal Asymmetric Dimer
	Abstract
	Introduction
	Dimer Structure Design

	The Coupling Characteristics of Nanoring and Nanorod
	Coupling Model
	Coupling Model of the Classical Oscillator

	Plasmonic Coupling Model
	Results Discussion
	Conclusion
	References


