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Abstract
Breaking the morphological and compositional symmetries of metallic nanoparticle (NP) dimers provides a novel approach to
modulate plasmon coupling between the NPs. In this study, we theoretically investigate the effect of symmetry breaking on the
plasmonic coupling in morphologically asymmetric Au nanoring-nanodisk (NR-ND) dimer, compositionally heterogeneous Au-
Ag nanoring dimer, and compositionally as well as morphologically asymmetric Au-Ag NR-ND heterodimers. It has been found
that when the inner radii of symmetrical AuNR dimer is decreased, the scattering spectral intensity of coupled bonding mode and
higher-order coupled bonding mode drastically decreases and increases, respectively. Besides, the effect of aspect ratio on the
plasmon resonance modes is investigated. Furthermore, with fixed geometric parameters of one NR and by morphing the shape
of the other NR into ND through inner radius, we show the generation and modification of a Fano resonance. As a result of
introducing morphological and compositional asymmetry separately, single Fano-type spectral feature is observed in the scat-
tering spectra. We demonstrate that the double Fano resonances can be easily achieved in compositionally and morphologically
asymmetric heterodimer with double symmetry breaking. These dual modes are caused by the interference of dipolar bright mode
(localized LSPR modes) of Ag NP with the quadrupole and hexapole modes (interband transitions) of the Au NP. Finally, at
optimum asymmetric heterodimers, we discussed the effect of refractive index on the Fano-type resonance. These new and
simple designs provide a novel insight to modulate optical response and the generation of higher-order Fano resonances, which
have many potential applications such as in photonics and refractive index sensing.
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Introduction

Localized surface plasmon resonance (LSPR) arises in the
noble metal nanostructures due to the collective oscillation
of conduction band electrons in response to external electro-
magnetic field [1, 2]. These resonance properties are highly
dependent on the shape, size, material composition, and the
refractive index of the surrounding medium of the nanostruc-
tures [3–5]. Moreover, it has attracted extensive research in-
terest because of many promising applications in areas such as

chemical and biological sensing [6], negative index materials
[7], plasmonic waveguiding [8, 9], and information technolo-
gy [1]. Apart from numerous LSPR modes due to different
shapes of single nanoparticles (NPs), hybridization of these
modes in strongly coupled metallic nanostructures at various
alignments through electrostatic forces also enhances optical
properties of plasmonic nanoparticles and their application
[10, 11]. An in-phase mode in symmetrical dimers is optically
bright, whereas the out-of-phase mode is dark due to the can-
celation of the equivalent dipole moments [12]. On the other
hand, in asymmetric heterodimers, out-of-phase modes can be
excited with a plane wave which makes these systems very
interesting for sensing applications [13]. Thus, due to its bro-
ken symmetry, asymmetric heterodimers are expected to sup-
port both dipolar and dark plasmon modes at the same time
[12] as well as play a key role in the generation of additional
plasmonic modes (or Fano-like resonances) [14].

Effect of symmetry breaking in different nanostructures is
an important technique in the field of plasmonics [15, 16].
Symmetry breaking is a systematic and efficient way to
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modulate the optical property purposefully and possess a wide
range of applications [10] as well as it introduces effects that
are not present in the symmetrical plasmonic system [17, 18].
Moreover, it can be obtained by designing heterodimers
consisting nanostructures of different shapes and sizes
[19–21], various composition [13, 18, 22, 23], and different
morphology as well as composition [12, 24]. Broken symme-
try in nonconcentric ring/disk cavities [25, 26], asymmetric
Au NP heterodimers [19], and simple structures, such as me-
tallic nanodisks with a missing wedge-shaped slice [27], can
support Fano-like resonances. These resonances are typically
more sensitive to shapes of the nanoparticles and changes of
the refractive index of the environment [28]. Wu et al. have
also demonstrated the effect of broken symmetry on the plas-
mon coupling in the gold nanotube dimer and observed strong
Fano-like resonance in the scattering spectrum [29]. This res-
onance usually emerges from the hybridization of the bright
and the dark modes of radiative electromagnetic waves [28].
On the other hand, compositionally asymmetric Au-Ag NP
heterodimers are extensively sought for applications in pho-
tonics, sensing, and catalysis [30]. Moreover, these asymmet-
ric heterodimers introduce significant impacts on the optical
responses of plasmonic nanoparticle dimers [13]. It has been
anticipated that in compositionally asymmetric heterodimers
consisting of two different materials [31], the couplings be-
tween surface plasmon resonance of the Ag NP and the con-
tinuum of interband transitions of the Au NP have also been
investigated, and Fano resonances have been observed.
Moreover, introducing morphological and compositional
asymmetry is another way of producing Fano resonances
and introduces intense impacts on the optical responses of
plasmonic nanoparticle dimers.

Previously, most studies focused on the coupling behavior
of plasmonic resonance modes for isometric and symmetrical
NP homodimers, e.g., nanorings [32–34], nanodisks [32, 35,
36], and nanocubes [37, 38]. In these plasmonic systems, the
LSPR of individual nanoparticles was used to enhance the
optical response of the coupled system but does not play any
role in the appearance of the Fano resonances. Meanwhile,
recent reports have pointed out that further coupling of asym-
metric morphologies of Ag NPs and compositionally asym-
metry of Au-Ag heterodimers consisting of different morphol-
ogies and compositions can provide a novel way to modulate
optical properties [10, 13]. Unlike symmetric dimer, these
asymmetric heterodimers can lead to the manifestation of
Fano resonance [31, 39]. It has been received considerable
attention due to their potential applications in chemical and
biological sensors, near-field imaging, optical waveguides,
and nonlinear optical devices [7, 40]. Fano resonance has also
been reported theoretically and experimentally to a lesser ex-
tent inmorphological and compositionally asymmetric hetero-
dimers [19, 41, 42]. Besides, nanorings are versatile structures
that give several degrees of freedom to change their shape into

other nanostructures [43]. More specifically, by modulating
their inner radii and width, one can readily morph nanoring
dimer into nanodisk dimer which enables control and manip-
ulation of the optical responses of nanostructures for
morphology-based applications [44]. Therefore, the interac-
tion between asymmetric heterodimers is not as completely
understood as in the homodimer. However, there has been a
lack of detailed study on the effect of symmetry breaking on
the optical responses of the nanoring-nanodisk system, by
morphing the shape of other nanoring into nanodisk through
the inner radius and the dimer width. Nevertheless, to the best
knowledge of the authors, modulating the optical responses of
nanorings dimer by morphing, its constituent nanostructures
into nanodisks as functions of nanostructure size and width
have not yet been reported. Moreover, the effect of morpho-
logical and compositional symmetry breaking on the optical
response of plasmonic nanodimers is yet to be clarified.
Therefore, a theoretical investigation on the plasmon coupling
modes arising from asymmetric morphologies and composi-
tion of NP heterodimers is desired.

In this paper, we study the optical responses of various
designs of plasmonic nanodimers by breaking morpholog-
ical and compositional symmetries of the comprising
nanostructures using computational finite-difference
time-domain (FDTD) method. By controlling the inner
radii and width of symmetrical Au NR dimer, we system-
atically investigate its optical response by morphing the
constituent nanorings (NRs) into nanodisks (NDs). Also,
the effect of aspect ratio on plasmonic properties of sym-
metric Au NR dimers is investigated. Particularly, by
morphing the shape of one Au NR into ND through the
inner radius and width, we show the generation and mod-
ification of a single Fano resonance in asymmetric Au
NR-ND heterodimer. Besides, the effect of symmetry
breaking on the optical response of compositionally asym-
metric Au-Ag NR dimer is discussed. To further investi-
gate the effect of symmetry breaking, we construct com-
positionally and morphologically asymmetric heterodimer
comprised of Au nanoring and Ag nanodisk. Moreover,
morphological and compositional asymmetric heterodi-
mers can effectively generate higher-order Fano reso-
nances and controls its resonant wavelength. Lastly, the
potential for the use of the Fano resonances of asymmetric
Au NR-ND and Au-Ag NR-ND heterodimers for sensing
applications was evaluated.

Models and Methods

A schematic illustration of the studied nanostructures (Au NR
dimer, asymmetric Au NR-ND, compositionally heteroge-
neous Au-Ag NR, and compositionally as well as morpholog-
ical asymmetric Au-Ag NR-ND dimers) is shown in Fig. 1.
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Initially, we used symmetrical Au NR dimers, which were
kept at a gap of g = 20 nm and with equal height or thickness
(H = 50 nm) and outer radii(R2 = 70 nm). Later, to explore the
influence of morphing effect on the optical responses of sym-
metrical Au nanoring dimer, we change gradually the shape of
Au nanoring dimer (top) into completely equivalent Au nano-
disk homodimer (bottom) as shown in Fig. 1 a. Furthermore,
to explore the effect of aspect ratio on the plasmon coupling
behavior of symmetric Au nanoring dimers, the ratio of outer
diameter to thickness is systematically varied from 1.5 to 2.8.
Moreover, to investigate the effect of symmetry breaking on
the optical responses, we constructed morphologically asym-
metric Au NR-ND heterodimer by fixing the geometry of one
NR and constantly morphing the shape of the other NR into
ND by changing its inner radius from 50 to 0 nm as shown in
Fig. 1 b from the top to bottom. And also, we engineered
compositionally heterogeneous Au-Ag nanoring dimer to in-
vestigate the effects of symmetry breaking on plasmon cou-
pling (see the top green rectangular box in Fig. 1c). To further
investigate the effect of symmetry breaking, we constructed
compositional and morphologically asymmetric heterodimer
by fixing the shape of gold nanoring and constantly changing
the shape of silver nanoring into nanodisk through inner

radius as shown in Fig. 1 c. Finally, we investigate the appli-
cations of the Fano resonances in refractive index sensing.
The optical responses of both symmetric and asymmetric di-
mer are interpreted from the perspectives of a plasmon hybrid-
ization model [45]. This analytical model has been applied to
various asymmetric heterodimers such as a dual-disk ring
structure [46], concentric semi-disk ring cavities [47], asym-
metric split nanorings [48], and symmetric ring [49], and it has
shown a good quantitative agreement with numerical ap-
proaches. It has been used to explore the coupling mechanism
the Fano resonances in the morphologically and composition-
ally asymmetric heterodimers [50].

The symmetric dimer and asymmetric heterodimers were
suspended in air and illuminated by a linearly polarized
plane wave, which was injected along the z-axis, perpendic-
ular to the plane of the nanostructures. Polarization of the
incident light was aligned along the interparticle axis of the
dimer (see the inset in Fig. 1). The optical responses of sym-
metrical dimer and asymmetrical heterodimers were simulat-
ed with the time-domain FDTD solutions. Scattering inten-
sities of the studied nanostructures were calculated using
total-field-scattered-field (TFSF) source that covers a spec-
tral range from 300 to 1600 nm. The dielectric functions of

Fig. 1 a Shows the geometric description of the constantly morphed
process from symmetrical Au nanoring dimer (top) into Au nanodisk
homodimer (bottom) through inner radii and dimer width. b Illustrates
the geometric depiction of constantly morphed process fromAu nanoring
homodimer (top) into morphologically asymmetric Au nanoring-
nanodisk dimer (bottom) as a function of the inner radius of one nanoring.
c Exhibits geometric illustration of the constantly morphed process from

compositionally heterogeneous Au-Ag nanoring dimer (top green rectan-
gular box) into compositionally as well as morphological Au-Ag nano-
ring-nanodisk heterodimer (bottom) through the inner radius of Ag nano-
ring. The dimer gap is shown by g. The outer radii and the thickness
(height) of the nanorings were set to be R2 = 70 nm and H = 50 nm,
respectively. The arrows in the inset a, b, and c illustrate the directions
of the polarization (red) and wave vector (blue)
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the studied materials were modeled using the experimental
data of Johnson and Christy [51]for the gold and Palik [52]
for silver. We used a perfectly matched layer (PML) bound-
ary conditions to ensure total absorption of electromagnetic
radiation at the simulation boundaries. Throughout the study,
the mesh sizes used during the simulation were varied be-
tween 1 and 2 nm in all three dimensions. The convergence
test of the calculation has been carried out, and the results
presented in the present study shows that the error is within
the acceptable level [53].

Results and Discussion

Effects of Morphing Nanoring into Nanodisk

Recently, it has been demonstrated that morphing nanostruc-
tures play significant roles in controlling optical responses for
both single and coupled nanoparticles [10, 54]. Therefore, it is
important to study the effects of such parameters on the far-
and local-field responses of symmetrical NP dimers. Here, we

explore the impact of inner radii(R1) and the width (w) of the
constituent nanorings on the optical responses of symmetrical
Au nanoring dimer. For a fixed thickness, the outer radii, and
the dimer gap of symmetric Au NR dimer, we decreased the
inner radii from 50 to 0 nm and correspondingly increased the
width of the constituent nanorings from 20 to 70 nm (see
Fig. 1a). Figure 2(a) shows the scattering spectrum of Au
nanoring dimer that is constantly morphed into nanodisk di-
mer by controlling inner radii and width. The scattering inten-
sity of symmetrical Au nanoring dimer with R1 = 50 nm and
w = 20 nm in Fig. 2(a) red curve exhibits two well-defined
peaks: a coupled bonding mode and high-order coupled bond-
ing mode (hereafter, mode I and mode II, respectively) at 936
and 816 nm [32]. The mode I observed at 936 nm is due to the
strong coupling between the local fields accumulated at the
inner and outer walls of symmetric nanorings [34], and mode
II observed at 816 nm is resulting from the weak coupling of
the resonance modes of the two nanorings [55]. The scattering
spectra of symmetric Au nanodisk dimer with (R1 = 0 and w =
70 nm) in Fig. 2(a) violet curve had only a single dominant
dipole mode resulting from strong coupling is observed at

Fig. 2 Effect of morphing on the spectral responses and local electric-
field amplitude of symmetric AuNRhomodimer. (a) Represent scattering
cross sections of monomer Au NR and scattering spectrum of morphing
symmetrical Au NR into Au ND homodimer as a function of inner radii
and dimer width of NRs with polarization along the dimer axis. (b)
Quantitative representation of local electric field intensities of mode I at
mid-gap of the dimer as a function of inner radii (black curve) and width

(red curve). (c) and (d) Local-field and surface charge distribution profiles
of Au NR and ND homodimers as a function of the inner radius of the
constituent NRs, respectively. The outer radii and the thickness (height)
of the Au nanoring homodimer were set to be R2 = 70 nm and H = 50 nm,
respectively, and the interparticle separation distance of the homodimer
was fixed be g = 20 nm
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690 nm. Hence, the effect of morphing nanoring into nanodisk
dimer plays an important role in the coupling behavior of
LSPR modes.

To further understand the contributions of individual LSPR
in the symmetric Au nanoring dimer, we separately simulate
the scattering spectra of a single Au nanoring, as shown in
Fig. 2(a) black curve. The scattering spectrum ofmonomer Au
nanoring is dominated by a single peak at 800 nm. The plas-
mon coupling behavior of this dimer leads to the red-shifting
of the electromagnetic spectrum and shows the higher inten-
sity of the electromagnetic spectrum [55]. These red-shifts of
LSPR wavelength signatures the strong plasmon coupling in
the case of Au nanoring dimer as compared to single Au
nanoring.

The intensity of modes I and II in symmetric Au nanoring
dimer is significantly affected by morphing process through
the size of inner radii and width of the constituent nanorings.
For fixed outer radii and the thickness, when symmetric Au
nanoring dimer is gradually changed into Au nanodisk dimer
by decreasing (increasing) the inner radii (the width), the scat-
tering spectra of mode I peak lose intensity and become very
weak. This is due to the disappearance of the local EM fields’
distribution confined at the inner wall of nanorings [34, 56].
This can be further confirmed from their corresponding near-
field intensity maps (see Fig. 2(c)). In contrast, due to raising
the confinement of the local electric distributions at the outer
walls of Au nanodisk dimer, mode II significantly gains inten-
sity and finally becomes the dominant dipole mode in scatter-
ing spectra [57]. Besides, as one increases the width, the scat-
tering intensity of mode II tends to increase in spectral width
and exhibits a broader spectrum [34] (see Fig. 2(a) violet
curve). Moreover, for the smallest inner radii, a strong
dipole-dipole coupling mode of symmetric Au nanodisk di-
mer locates at 690 nm. It was found that when the inner radii
(width) decreased (increased), the intensity of modes I and II
considerably decreased and increased, respectively. These re-
sults indicate that the influence of the morphing effect in sym-
metric Au nanoring dimer shows the remarkable changes in
the plasmon coupling modes in terms of intensity and peak
positions.

To further investigate the underlying physics of these
modes, we calculate the local EM field and the surface charge
distribution profiles of the corresponding peaks. As can be
seen from Fig. 2(c), the local EM field distribution is extreme-
ly affected by the morphing process through inner radii and
the width. For mode I at (R1 = 50 and w = 20 nm), the local
electric field is confined at the midpoint of the Au nanoring
homodimer as shown in Fig. 2(c)(iii). This field distribution
profile is exactly caused by the symmetric coupling between
the interior and the exterior surfaces of the dimer [58]. As
shown in Fig. 2(d)(iii), this mode displays a dipole-dipole
mode in the surface charge distributions. This indicates that
mode I is an in-phase plasmonic coupling mode [18]. Unlike

mode I, the local electric field intensity of mode II is weak,
and the surface charge distribution exhibits a quadrupole-
quadrupole pattern as shown in Fig. 2(c)(ii) and (d)(ii), respec-
tively. The same edge of Au nanoring dimer shows the oppo-
site signs. Furthermore, the local electric field distribution
profiles of mode II in Au nanodisk dimer reveals that their
distributions are mainly concentrated around the outer surface
of Au nanodisks and a dipole-dipole mode in the surface
charge pattern along the polarization direction as shown in
Fig. 2(c)(i) and (d)(i), respectively.

The above facts supported by the electromagnetic near-
field intensity of mode I calculated at the center of gap region
of symmetric Au NR dimer as a function of the inner radii and
width as shown in Fig. 2(b). Due to spatial overlap of the local
EM field distributions, the near-field coupling strength of this
mode is found to be stronger. However, as one decreases the
inner radii from 50 to 0 nm, the near-field intensity of the
mode I at the junction of the homodimer system decreases
from 414 (a.u) to 237 (a.u) as shown in Fig. 2(b) black curve.
To further support our results, as one increases the width from
20 to 70 nm, the near-field intensity of this mode decreases
from 305 (a.u) to 249 (a.u) (see the inset shown in Fig. 2(b) red
curve). It is note that, in both cases, the near-field intensity of
this mode decreases through the inner radii (black curve) and
width (red curve) of the constituent nanorings.

To quantify the blue-shift trend for the LSPR wavelengths
of these modes with decreasing (increasing) the inner radii
(width), the behaviors of the resonance wavelengths were
discussed for these parameters. As one can decrease the inner
radii, the resonance mode I and II found to blue-shift as shown
in Fig. 2(a). This is due to the weak plasmonic coupling be-
tween charges at the outer and inner surfaces of symmetric
nanorings. Moreover, increasing the width of nanoring results
in an increase of the distance between the inner and outer
walls of the nanoring and gives rise to a weak coupling of
the localized plasmons excited at both walls [34], which is
manifested by the blue-shift of modes I and II. It is seen that
the response is spectrally blue-shifted for both modes, though
the effect is more pronounced for mode II. It is revealed from
Fig. 2(a) that the LSPR of modes I and II are blue-shifted asR1

decreased and w increased simultaneously. The observed
modification of these modes can be understood by the plas-
mon coupling between the inner and outer surfaces of sym-
metrical Au nanoring homodimer through inner radii and
width.

In general, one can note two important observations about
the spectral behavior of constantly morphing Au nanoring
homodimer into Au nanodisk homodimer. First, as one de-
creases, the inner radii of symmetric Au nanoring homodimer,
the scattering spectrum of mode I lose intensity, which can be
ascribed to the disappearance of the local electric fields accu-
mulated at the inner walls. In contrast, mode II drastically
gains intensity due to the increased confinement of local-
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field distributions at the outer walls (or edges) of Au nanodisk
homodimer. Second, the effect of morphing can also cause a
blue-shift of resonance peak on these modes.

Effects of Aspect Ratio on the Plasmon Resonance
Mode

Aspect ratio (diameter/thickness) is one of the applicable fac-
tors that allow controlling plasmon resonance of Au nanoring
dimers [59]. To investigate the modulation of optical response
with the aspect ratio, we represent the simulation results for
the scattering spectra of symmetric dimer as shown in Fig. 3.
We have altered the aspect ratio from 1.5 to 2.8 and obtained
by varying the diameter and thickness of Au nanorings.
Figure 3 (a) shows the effect of changing the aspect ratios of
symmetric Au nanoring dimer. For a given symmetric Au
nanoring dimer, the scattering spectra of this system with an
aspect ratio (AR = 1.5) show only a single dominant coupled
bonding mode (mode I) located at 570 nm with much smaller
scattering intensity (see Fig. 3(a) green curve). It is revealed
that there is a spectral red-shift as well as the increased spectral

intensity of this mode with the increased aspect ratio [59].
Figure 3(b) shows that, with increasing the aspect ratio of
Au nanoring dimer, the linear relationship of mode I is ob-
served. This linear relationship between resonance wave-
lengths with aspect ratio provides an idea that the LSPR of
the dimers can be altered from visible to the near-infrared
region [60]. Hence, this mode is fundamentally controlled
by the aspect ratio and therefore allowing a reasonable mod-
ification of its resonance wavelength [61]. Moreover, for
greater aspect ratio, the induced high-order coupled bonding
mode (mode II) is observed. A similar phenomenon was re-
ported by Tsai et al. for single elliptical gold nanorings [59].

The local electric field and surface charge distributions of
mode I in Au nanoring homodimer with the largest aspect
ratio (AR = 2.8) are calculated, as shown in Fig. 3(c). The high
aspect ratio produces an apparent near-field intensity located
at the midpoint of Au nanoring dimer (see Fig. 3(c)(i)). This
field distribution profile is exactly caused by the coupling
between the interior and the exterior surface of Au nanorings.
The charge distribution of this mode shows the same signs at
the inner and outer surfaces of Au nanoring dimer, as shown in

Fig. 3 Effect of aspect ratio on the plasmon resonance mode of
symmetric Au nanoring dimer. (a) Calculated scattering spectra of gold
nanoring dimers with varied aspect ratios under the polarization is along
the dimer axis. (b) Represents resonance wavelengths of mode I as a

function of aspect ratios. (c) (i and ii) Local electric field and surface
charge distributions of Au nanoring homodimers with an aspect ratio of
2.8, respectively. (d) Quantitative representation of near-field intensities
of mode I at mid-gap of the dimer as a function of aspect ratios
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Fig. 3(c)(ii). Also, we calculated near-field intensity of mode I
at mid-gap of Au nanoring dimer with the different aspect
ratio quantitatively, as shown in Fig. 3(c). As the aspect ratio
is increased, the field intensity is significantly raised. As
shown in the present study, increasing aspect ratio immensely
affects the plasmon coupling behaviors of symmetric Au
nanoring dimers. Moreover, it confirms that this near-field
intensity with an aspect ratio of 2.8 is much stronger than with
aspect ratio of 1.5.

Effects of Morphological Symmetry Breaking on
Plasmon Coupling

Recent studies have pointed out that plasmon coupling modes
of nanoparticles at different morphologies can provide the
possibility to modulate optical responses due to broken sym-
metry [10]. To explore the effect of morphological symmetry
breaking on the spectral behavior of plasmon coupling modes,
we design asymmetrical Au nanoring-nanodisk heterodimer
comprised of gold nanoring with fixed geometric parameters
and the other nanoring constantly morphed into nanodisk (see
Fig. 1(b)). The scattering spectrum of symmetrical Au nano-
ring dimer that is constantly morphed into asymmetric Au
NR-ND dimer by fixing the geometry of the one NR and
varying the inner radius of the other NR from 50 to 0 nm is
displayed in Fig. 4(a). As we discussed in Effects ofMorphing
Nanoring into Nanodisk, the scattering spectra of Au NR ho-
modimer with R1 = 50 nm show two modes I and II at 936 and
816 nm, respectively (see Fig. 4(a) black curve). When the
inner radius of nanoring decreases from 50 to 40 nm, the
scattering spectra show three well-defined peaks mode I, II,
and III at 909, 795, and 685 nm, respectively (see in Fig. 4(a)
red curve). As we observed from Effects of Morphing
Nanoring into Nanodisk, modes I and II are dipole-dipole

and quadrupole-quadrupole resonance modes, respectively,
whereas mode III is a hybrid mode and originates from the
combination of dipole and quadrupole resonance modes [7].
Compared with symmetric Au nanoring dimer, this spectrum
includes a new hybrid resonance mode that arises as a peak in
the scattering spectra, which is recognized as a Fano reso-
nance [14]. Moreover, the aforementioned modes are blue-
shifted as the inner radius decreases to 0 nm. For example,
the single Fano resonance appears at 580 nm for the cases of
asymmetric Au NR-ND heterodimer (see Fig. 4(a) green
curve). The generation of this Fano resonance is interpreted
in terms of coupling of quadrupole and dipole modes [46].We
can observe that the effect of symmetry breaking through the
inner radius of the second nanoring can effectively generate
and control the resonant wavelength of the Fano resonance.

To identify the nature of Fano resonance, the local electric
field and charge distribution profile of morphological asym-
metric Au NR-ND heterodimer at 580 nm are simulated. As
shown in Fig. 4(b)(i), the strong field distributions appears
around the ND and displayed a dipole plasmon mode. It
shows that the charge distribution of this mode revealed a
dipole-quadrupole plasmon mode (see in Fig. 4(b)(ii)). It can
be seen that the local electric field distribution profile becomes
weak at the NR side and displayed a quadrupole mode (see the
bottom NR in Fig. 4(b)(i) and (ii)). As we know, the interfer-
ence between the bright and dark plasmonic modes can pro-
duce Fano resonance. Moreover, it can be seen from the local-
field distribution of morphological asymmetric Au NR-ND
heterodimer in Fig. 4(b)(i) that two hot spots exist in the ND
(on the top) and four hot spots exist in the NR (on the bottom).
The surface charge distribution profile as shown in
Fig. 4(b)(ii) indicates that Fano resonance at 580 nm results
from the coupling of bright dipole mode of ND and dark
quadrupole mode of NR in morphological asymmetric Au

Fig. 4 Effects of morphological
symmetry breaking on the
spectral responses, local electric
field and surface charge
distribution of Au nanodimer. (a)
The scattering spectra of asym-
metrical heterodimers. (b)
Represents locale electric-field
and surface charge distribution
profiles of asymmetrical Au NR-
ND heterodimers for mode III
at R1 = 0
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NR-ND heterodimer. Moreover, the above results evident that
morphologically asymmetric heterodimers possess further
spectral information in comparison with symmetric Au nano-
ring dimer.

Effects of Compositional Symmetry Breaking on
Plasmonic Coupling

To demonstrate the effect of introducing compositional asym-
metry on the plasmon coupling phenomenon, we separately
calculate the scattering spectrum of a compositional heterodi-
mer of R1 = 50 nm composed of Au and Ag NRs suspended in
the air as shown in Fig. 5(a). In compositionally asymmetric
Au-Ag NR heterodimer (see the rectangular green box shown
in Fig. 1(c)), scattering spectra show three peaks at 928 nm,
830 nm, and 705 nm, which are indicated by modes I, II, and
III, respectively, as shown in Fig. 5(a) (black curve). The
modes observed at 928 nm and 830 nm are due to the strong
plasmon coupling between the inner and outer walls and the
weak coupling between the resonances mode of the composi-
tionally asymmetric Au-Ag NR heterodimer. This result

clearly shows that the scattering spectra of modes I and II
are due to the dipole LSPR of the Au and Ag NRs [22].
Compared to symmetric Au NR dimer in Fig. 2(a) (red curve),
the scattering spectra shown in Fig. 5(a) black curve includes a
new resonance mode (mode III) that appears at a given reso-
nance wavelength, which is identified as a Fano resonance.
This phenomenon arises from the coupling between the con-
tinuum of interband transitions in the Au NR and the discrete
LSPR of the Ag NR, which can be observed from the surface
charge distribution (see Fig. 5(b)(ii)). Further, we see that
resonance wavelength of this Fano resonance is blue-shifted
due to weak plasmon coupling of the constituent Au and Ag
NR monomers compared with symmetric Au NR dimer. In
addition to blue-shift, the intensity of the scattering spectrum
of mode III is not that much strong because of the otherwise
uncoupled plasmon modes of the asymmetrical heterodimer
[13]. It clearly shows that introducing compositional asymme-
try in symmetric dimer induces a Fano resonance.

In order to reveal further the origin of this Fano resonance,
we investigate the surface charge and electric field distribu-
tions at the wavelength corresponding to mode III, which are

Fig. 5 Effects of morphological and compositional symmetric breaking
on plasmon coupling in nanodimers. (a) The scattering spectra of com-
positional asymmetric and morphologically as well as compositionally
asymmetric heterodimers. (b) The near-field and surface charge

distribution profiles of mode III at 705 nm resonance mode with R1 =
50 nm. (c) and (d) The near-field and surface charge distribution profiles
of modes III and IV with R1 = 0 nm
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presented in Fig. 5(a) black curve. As for the mode III, the
strong field distribution in Fig. 5(b)(i) is mainly concentrated
around the Ag NR (on the top) and displayed a dipole plasmon
mode. The weak field distributions on the Au NR (on the
bottom) exhibit a quadrupole plasmon mode as shown in
Fig. 5(b)(ii). Moreover, the electric field intensity is localized
around the Ag NR of the Au-Ag NR heterodimer, and the
surface charge distribution in the Ag NR exhibits a dipolar
pattern, whereas the surface charge in the Au NR exhibits a
quadrupolar pattern as shown in Fig. 5(b)(i) and (b)(ii), re-
spectively. The quadrupolar charge pattern in the Au NR is
induced by the electric field from the nearby Ag NR [18].
Hence, the coupling between compositionally asymmetric
Au-Ag NR heterodimer and plasmon resonance modes is
coupled differently due to the effect of symmetry breaking
[13]. Due to reduced symmetry, the spherical harmonics are
no longer orthogonal, and plasmons from the outer and inner
surfaces of the NR dimer are no longer restricted to the same
angular momentum [62]. This interaction leads to the possi-
bility of generating the Fano resonance in the scattering spec-
tra owing to a mixture of bright dipolar and dark quadrupolar
plasmon modes.

We further broke the symmetry of compositional asymmet-
ric Au-Ag NR heterodimer to generate higher-order Fano res-
onances. Introducing morphological and compositional asym-
metry, we studied the optical response as the shape of Ag NP
morphed from NR into ND through inner radius. The scatter-
ing spectrum of continuously morphing Au-Ag NR heterodi-
mer into Au-Ag NR-ND heterodimer was calculated, with
constantly varying the inner radius of Ag NR, from 50 to
0 nm as shown in Fig. 5(a). As we discussed above, compo-
sitionally asymmetric Au-Ag NR heterodimer shows three
distinct resonance peaks at 928 nm, 830 nm, and 705 nm,
and its optical response only supports a single Fano resonance
mode around 705 nm (see Fig. 5(a) black curve). As one
decreases the inner radius of the Ag NR from 50 to 40 nm,
the scattering spectra exhibits four well-defined resonance
modes, which are denoted by modes I, II, III, and IV at 895,
830, 659, and 516 nm, respectively, as shown in Fig. 5(a) red
curve. Compared with compositionally asymmetric Au-Ag
NR heterodimer with (R1 = 50 nm), this spectra support two
Fano resonance modes at 659 and 516 nm, which are known
as higher-order Fano resonances. They are caused by the in-
terference of dipolar bright mode of Ag NR (on the top) with
the quadrupole and hexapolemodes of AuNR (on the bottom)
for modes III and IV, respectively. Moreover, the Fano reso-
nance labeled at 516 nm is a new plasmonic resonance mode
for Au-Ag NR heterodimer with (R1 = 40 nm). The origin of
this Fano resonance is a particularly interesting consequence
of symmetry breaking due to heterogeneous in material and
asymmetric in shape. As we have seen in Fig. 5(a), with a
further decrease of the inner radius from 40 to 0 nm, modes
III and IV are blue shifted about 78 nm and 16 nm,

respectively. Specifically, a dramatic increase in intensity
and broadening of the scattering spectra of mode IV can be
observed. More interestingly, it can be seen that continuously
morphing the inner radius of the Ag NR can effectively gen-
erate higher-order Fano resonances and control its resonant
wavelength.

To further confirm the origin of higher-order Fano reso-
nance modes III and IV, local electric field and surface charge
distribution profiles of morphological and compositionally
asymmetric Au-Ag NR-ND (R1 of Ag NR = 0 nm) heterodi-
mers were calculated, which provides a clear picture regarding
the formation of the above Fano resonances (see Fig. 5(c) and
(d)). The strong field distributions as shown in Fig. 5(c)(i) are
mainly concentrated around the Ag ND (on the top), and the
weak field distributions on the Au NR (on the bottom) exhibit
four and six hot spots at the inner and the outer walls, respec-
tively, which implied the existence of quadrupole and
hexapole plasmon modes. The surface charge distribution in
Fig. 5(d)(i) demonstrates that a dipolar mode of Ag NR or ND
(on top) and the combination of quadrupole-hexapolar pat-
terns of the Au NR (on bottom) are excited simultaneously.
The quadrupolar-hexapolar charge pattern in the Au NR (on
the bottom) is induced by the electric field from the nearby Ag
NR or ND. It can be seen from the local-field distribution of
Au-Ag NR-ND heterodimers in Fig. 5(c)(ii) that two hot spots
exist in the ND and four hot spots exist in the Au NR. The
surface charge distribution profile as shown in Fig. 5(d)(ii)
indicates that higher-order Fano resonances at 581 nm result
from the coupling between the dipolemode of AgND (on top)
and the quadrupole modes of the Au NR (on bottom) struc-
tures in Au-Ag NR-ND heterodimers. It is found that intro-
ducing compositionally and geometrical asymmetry in Au-Ag
NR-ND heterodimer can excite double Fano resonances.

Effect of Refractive Index on the Fano Resonances

Fano resonance is an interference resulting from the coupling
of two or more excitation modes, thus intrinsically more sen-
sitive to changes in geometry or environmental refractive in-
dex changes which can induce dramatic resonance shifts [7,
46]. The refractive index of the surrounding medium strongly
affects the properties of Fano resonance (FR) [47]. The most
interesting applications for the Fano resonances might be in
refractive index sensing [63]. Surface plasmon resonance is
sensitive to many factors, one of which is the refractive index
of the surroundingmedium [64]. Here, we discuss the effect of
the refractive index on the Fano-type resonance of optimized
asymmetric heterodimers. In this calculation, we used asym-
metric Au-AgNR-ND andAu-AgNR-ND heterodimers: with
the same outer radius (R2 = 60 nm) and thicknesses (H =
50 nm) of the constituent NPs, whereas the inner radius/
width (R1/w) of NR and ND is 40 nm/20 nm and 0 nm/
60 nm, respectively, to estimate the Fano resonance sensitivity
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to the refractive index change of the surroundingmedium. The
two NPs were kept at a gap of g = 20 nm. To calculate the
sensitivity of asymmetric heterodimers to the surrounding me-
dium, the refractive index of the surrounding is increased from
1 to 1.33. We firstly investigated the sensitivity of asymmetric
Au NR-ND heterodimer to the surrounding medium.
Figure 6(a) shows the scattering spectra of this heterodimer
embedded in the medium with refractive index (n = 1). As the
refractive index of this medium increases, both the FR and
SPR modes of the scattering spectrum show about 100 nm
and 60 nm red-shifts (see Fig. 6(a)). Since the dielectric
screening effect caused by an embedded medium that reduc-
ing the energies of these modes [48]. The sensitivity of these
modes to the local refractive index (RI) is given as the change
in resonance mode per change in refractive index, and it is
measured in nm per refractive index unit (RIU) [34]. The
sensitivities for the FR and SPR modes are 303 nm/RIU and
182 nm/RIU, respectively. The calculated sensitivity values
also indicate that when the surrounding medium is changed,
the higher refractive index sensitivity of the Fano resonance
[46]. Moreover, FR mode reveals promising applications in
the field of the ultra-sensitive plasmonic sensor due to its high
sensitivity [48].

Similarly, we investigated the sensitivity of asymmetric
Au-Ag NR-ND heterodimer to the surrounding medium as
shown in Fig. 6(b). The scattering spectra of this heterodimer
embedded in the medium with refractive index(n = 1), as
shown in Fig. 6(b) black curve. As the refractive index of this
medium around asymmetric heterodimer increases to 1.33, the
Fano resonance and surface plasmon resonance modes (la-
beled as FR and SPR) are red-shifted about 112 nm and
96 nm. The sensitivities for the FR and SPR modes are
339 nm/RIU and 291 nm/RIU, respectively. The FR mode
exhibits high sensitivity compared with SPR in the visible
region. The same trend was observed in asymmetric Au-Ag
heterodimers [65]. These results suggest that the FR mode

with high sensitivity indicates that for most practical cases, it
would be more convenient for optical sensing applications
instead of the more commonly used SPR [65]. Thus, the pro-
posed asymmetric heterodimersmay find potential application
in refractive index sensing.

Conclusions

In summary, theoretical studies of optical behaviors of mor-
phologically asymmetric Au nanoring-nanodisk dimer, com-
positionally asymmetric Au-Ag nanoring dimer, and compo-
sitionally as well as geometrically asymmetric Au-Ag nano-
ring-nanodisk dimer have been performed by a rigorous com-
putational approach. It has been found that as the inner radii of
symmetrical Au NR dimer decreased the intensity of coupled
bonding mode (mode I) and higher-order coupled bonding
mode (mode II) drastically decreases and increases, respec-
tively. The corresponding local-field and surface charge dis-
tribution profiles further clarify the spatial information of
these modes. Also, we have shown that the aspect ratio is
the predominant factor affecting the plasmon coupling behav-
ior of symmetric Au NR dimer. Furthermore, we have dem-
onstrated that the scattering spectrum of morphological asym-
metric Au nanoring-nanodisk dimer and compositionally
asymmetric Au-Ag nanoring dimer is expected to support
the generation of a single Fano resonance due to reduced
symmetry. The corresponding near-field and surface charge
distribution profiles at this Fano resonance mode reveal that
the interference of the dipole mode of ND and the quadrupole
mode of NRs in morphologically asymmetric Au NR-ND
dimer results in the Fano resonance. It is found that, in com-
positionally and geometrically asymmetric Au-Ag NR-ND
heterodimers, double Fano resonances can be excited. The
calculated corresponding local-field and surface charge distri-
bution profiles provide a comprehensive understanding of the

Fig. 6 The FR and SPR sensing in asymmetric heterodimers. a and b The scattering spectra of asymmetric AuNR-ND andAu-AgNR-ND heterodimers
with the different refractive index, respectively
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generation of these resonance modes. Finally, at optimum
asymmetric heterodimers, we discussed the effect of the re-
fractive index on the Fano-type resonance. Our results suggest
that the FR mode with high sensitivity indicates that for most
practical cases, it would be more convenient for optical sens-
ing applications instead of the more commonly used SPR.
These findings provide the possibility to control optical re-
sponse by using different asymmetric heterodimers consisting
of different morphology and composition and the manifesta-
tion of higher-order Fano resonances, which have many po-
tential applications such as in photonics and refractive index
sensing.
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