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  1   .  Introduction 

 Plasmonic oligomers, close-packed nanoparticles with small 
gaps, have recently attracted intense attention for their analogy 
of atoms to build molecules in nanoscale size. [  1,2  ]  In the past 
few years, a variety of plasmonic oligomers as artifi cial plas-
monic molecules, such as nanospheres, [  3–7  ]  nanoshells, [  8,9  ]  
nanodisks, [  10–31  ]  nanotriangles, [  32,33  ]  nanorods, [  34,35  ]  and split-
ring resonators, [  36,37  ]  have been demonstrated with unique 
optical properties (Fano resonance), hence enabling many 

potential applications in high-sensitivity 
biosensors, [  4,9,11  ]  photoelectric devices, [  22,23  ]  
and surface-enhanced Raman scatter-
ings. [  14,17,27  ]  These unique properties of 
the plasmonic oligomers are attributed to 
the plasmon couplings among their com-
ponents. Usually, in symmetric plasmonic 
oligomers, there is only one plasmon cou-
pling path, in which the dipole resonant 
mode of the central nanoparticle couples 
and hybridizes with the collective resonant 
behavior of the satellite nanoparticles to 
form a single Fano resonance. [  38  ]  Recently, 
plasmonic oligomers with multiple Fano 
resonances have been studied for their 
potential applications in multiwavelength 
biosensing and surface enhanced Raman 

scattering. [  13,37  ]  However, in such oligomers, the plasmon cou-
pling path is still due to the central nanoparticle coupling with 
its peripheral satellites, and multiple Fano resonances are real-
ized by tuning the collective behavior of the satellite particles. 

 Here we design, fabricate and characterize a new type of 
plasmonic oligomers, namely plasmonic nanoring pentamers 
(NRPs). Due to the unique optical properties of nanorings, the 
proposed oligomers are shown to support multiple plasmon 
coupling paths, which lead to multiple Fano resonances without 
breaking the underlying symmetry of the nanostructures. A 
geometrical design parameter, the ring width-to-radius ratio 
(RWTR), is proposed to predict and tune the number of Fano 
resonances of NRPs. Moreover, nanorings support more plas-
monic resonant modes, which offer the freedom to engineer 
rich optical properties. By tuning the inner radius of the center 
nanoring (or center and side nanorings), sharp multipolar Fano 
resonances are demonstrated in this work. Additional optical 
features can also be realized by tuning the design of groups of 
constituent nanorings, which makes the proposed NRPs a new, 
fl exible platform for the development of functional plasmonic 
molecules.  

  2   .  Results and Discussion 

 Plasmonic NRPs were fabricated on a quartz substrate by 
electron-beam lithography. Initially we considered a set of gold 
NRPs with different inner radii ( r  in ) and fi xed outer radius 
( r  out ).  Figure    1  (a) shows the SEM images of the fabricated sym-
metric NRP arrays with outer radii of 110 nm and inner radii 
of 80, 65, and 45 nm, respectively. For the sake of brevity, the   DOI:  10.1002/adom.201300393  
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     The optical properties of plasmonic nanoring pentamers are experimentally 

and theoretically investigated in the near-infrared spectral region, where the 

nanoring metamolecules allow complex optical design by tuning a single geo-

metrical parameter (the inner radius of the nanoring). Even in fully four-fold 

symmetric nanoring pentamers, unconventional plasmonic coupling paths 

generate multiple Fano resonances which would not appear in symmetric 

nanodisc oligomers. In addition, inhomogeneous elementary units in the 

pentamer induce additional resonances due to high-order dark modes, while 

complete breaking of the four-fold symmetry results in sharp multipolar Fano 

resonances upon the hybridization of dark and bright modes. This approach 

demonstrates a simple way to engineer plasmonic couplings by subtle 

changes of uniform metamaterial design.      
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NRP arrays from larger to smaller inner radii will be termed as 
NRPs-I1, NRPs-I2, and NRPs-I3. Figure  1 (b),(c) illustrate fi nite-
difference time-domain simulations and measured absorbance 
spectra for these NRP arrays. Here, the measured absorbance 
spectrum of NRPs is defi ned as  log 10  (1/Transmission). Overall, 
the spectral profi les of simulations and experiments are in good 
agreement. Compared to the simulation results, the experi-
mental absorbance peaks are slightly red-shifted, which could 
be mainly attributed to the shape tolerance and refractive index 
differences between simulations and experiments.  

 In the case of NRPs-I1, two clear peaks (marked by AM and 
BM) are observed in both simulated and experimental spectra. 
To reveal their nature, the near-fi eld charge and electric-fi eld 
distributions at these two peaks are calculated (see Figure S1 in 
supporting information). According to the plasmon hybridiza-
tion model, the optical spectra of complex plasmonic molecules 
can be decomposed into the plasmon couplings among simple 
plasmonic atoms. [  39,40  ]  The charge distributions in Figure S1 
show that the AM and BM peaks of NRPs-I1 can be decom-
posed into the plasmon couplings between the three vertical 
nanorings (subgroup A) and the left and right nanorings (sub-
group B). Plasmons of subgroups A and B couple and hybridize 
to form a bonding mode (BM) and an antibonding mode (AM), 
in which the two subgroups are out-of-phase and in-phase, 
respectively. They overlap and lead to a destructive interference, 
which give rise to a dipolar Fano resonance. 

 The ring width-to-radius ratio of NRPs-I1 is RWTR = 0.27. 
Interestingly, increasing the RWTR of each nanoring in sym-
metric NRPs results in the appearance of additional plasmonic 

resonance peaks that correspond to more complex plasmon 
coupling paths. This is shown for NRPs-I2 and NRPs-I3 in 
Figure  1 . In NRPs-I2, the inner radius is 65 nm (RWTR = 0.41), 
and three plasmonic resonance peaks are observed (marked by 
1, 2, and 3). As the inner radius further decreases to 45 nm 
in NRPs-I3, (RWTR = 0.59), these three peaks are blue-shifted 
with respect to those of NRPs-I2. The corresponding charge 
and electric-fi eld distributions for peaks 1, 2, and 3 are calcu-
lated to reveal the plasmon coupling paths ( Figure    2  ). For peak 
1, the charges of the three vertical nanorings (subgroup I) and 
the left and right nanorings (subgroup II) are out-of-phase, as 
shown in Figure  2 (a). Therefore, the plasmon coupling path 
for peak 1 results from a bonding mode (dark mode) between 
subgroup I and II, similar to the case of peak BM in NRPs-I1 
(Figure S1). More importantly, charge and electric-fi eld dis-
tributions of peaks 2 and 3 in Figure  2 (b) and (c) present two 
new plasmon coupling paths. For peak 2, the two coupling 
subgroups are the three transverse nanorings (subgroup III) 
and the top and bottom nanorings (subgroup IV). For peak 3, 
the two subgroups are the four satellite nanorings (subgroup 
V) and the center nanoring (subgroup VI). For both peaks, the 
charges of the subgroups are still out-of-phase, therefore, peaks 
2 and 3 are dark modes. As a result, three dark modes (cor-
responding to three plasmon coupling paths) are observed in 
the absorbance spectra of NRPs-I2. According to the plasmon 
hybridization model, the charge distributions of the bright 
mode corresponding to each dark mode in NRPs-I2 should have 
in-phase charge profi les between the two hybridized subgroups. 
Interestingly, we found that the bright modes corresponding to 

      Figure 1.  NRP arrays with gradually decreasing inner radii and corresponding absorbance spectra. a) SEM images of NRPs-I1 (top,  r  in  = 80 nm), 
NRPs-I2 (middle,  r  in  = 65 nm), and NRPs-I3 (bottom,  r  in  = 45 nm). Scale bar: 1  µ m. Simulated (b) and measured (c) absorbance spectra of NRPs-I1, 
NRPs-I2, and NRPs-I3. 
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dark modes 1, 2, and 3 have the same charge confi gurations, 
in which all the fi ve nanorings oscillate in-phase. Figure  2 (d) 
shows that the charge distributions in all the fi ve nanorings are 
in-phase for spectral position 4 (wavelength of 980 nm), and 
thus the net sum of their dipole moments is increased. Con-
sequently, mode 4 is an antibonding, superradiant, and bright 
mode. The dark modes overlap and destruct the bright mode, 
leading to multiple Fano resonances.  

 To further understand the origin of the additional plasmon 
coupling paths in NRPs-I2, we decomposed the optical spectra 
of NRPs into the spectra plasmon coupling between two sub-
groups by multilayer plasmon hybridization model. [  39,40  ]  The 
couplings between subgroups III and IV for NRPs-I2 are given 
in  Figure    3  . In Figure  3 (a), the two peaks marked as TA and TB 
in the optical spectra for subgroup III and the corresponding 
charge distributions show that they correspond to antibonding 
and bonding modes between the center nanoring and the left 
and right nanorings. In Figure  3 (c), there is only one resonant 
peak for the upper and lower nanorings (subgroup IV), and the 
corresponding charge discovers the dipole and bright nature. 
The antibonding mode (TA) of subgroup III and the dipole 
mode of subgroup IV couple and hybridize to form a dark mode 
(peak 2) and a bright mode (4) in NRPs-I2, shown in Figure 
 3 (b). The case of peak 3 is similar to peak 2. For comparison, 
the corresponding peaks (2 and 3) can not be observed in NRPs-
I1. The corresponding hybridization process for NRPs-I1 is pre-
sented to explore this reason, as shown in Figure S2. The RWTR 
of NRPs-I1 is 0.27, which makes the coupling strength of the 
antibonding mode of the three transverse nanorings very weak 
(see the green dot in Figure S2(a)). Consequently, the coupling 
path between the antibonding mode of three transverse nano-
rings and the bright mode of the upper and lower nanorings in 
NRPs-I1 is unfavorable and cannot be observed. Compared to 
NRPs-I2, the blue-shift of the peaks in NRPs-I3 can be explained 
by the blue-shift of the corresponding resonances of the sub-

groups owing to the increasing RWTR. This analysis shows 
that, based on the plasmon hybridization model, one can tune 
the plasmon coupling pathways in plasmonic NRPs by simply 
varying the RWTR, which then provides a fl exible platform for 
the design and development of a variety of functional plasmonic 
molecules with common underlying geometry.  

  Figure    4   displays the effect of varying the inner radius of the 
central nanoring on the optical properties of NRPs. Compared 

      Figure 2.  Near-fi eld charge and electric-fi eld distributions for different resonant wavelengths in NPR-I2: peak 1 (a) and (e), peak 2 (b) and (f), peak 3 
(c) and (g), position 4 (wavelength of 980 nm) (d) and (f). The up row displays the charge distributions, and the bottom row illustrates the electric-
fi eld distributions. 

      Figure 3.  Plasmon couplings between subgroups III and IV in NRPs-I2. 
Absorbance spectrum and corresponding charge distributions of sub-
group III (a), NRPs-I2 (b), and subgroup IV (c). 
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broadening in nonperfectly uniform patterns. Compared to 
Figure  1 , the smaller inner radii of the central and rightmost 
nanorings induce an obvious spectral change. The plasmon 
coupling paths corresponding to peaks D and E are character-
ized by the corresponding charge and electric-fi eld distributions 
in Figure  5 (d) and (e). Interestingly, two quadrupolar plasmon 
resonant modes (modes D and E) are presented in NRP-CR. 
The charge distributions at spectral positions D and E show 
that the upper and lower nanorings oscillate in quadrupolar 
modes, while the other three nanorings in dipolar modes. The 
quadrupolar modes of upper and lower nanorings hybridize 
with the dipolar modes of the three transverse nanorings to 
form an antibonding quadrupole-dipole mode and a bonding 
quadrupole-dipole mode (D and E). The destructive interference 
between the bright mode (D) and dark mode (E) gives rise to 
quadrupolar-quadrupolar Fano resonance. It has been theoreti-
cally and experimentally proved that multipolar (quadrupolar, 
octupolar, etc.) Fano resonances in nanostructures such as “XI” 
nanostructures, [  41  ]  theta-shaped nanoparticles, [  42  ]  and ring/disk 
nanostructures, [  43–45  ]  etc. have lower radiative losses, sharper 
peaks, and higher sensitivities to refractive index change than 
dipolar Fano resonances. [  46  ]  Hence, realization of multipolar 
Fano resonances in plasmonic oligomers may be highly benefi -
cial to achieve high sensitivity in plasmonic biosensors.  

 The plasmon coupling paths for peaks A, B and C are shown 
in Figure S3. According to their charge distributions, we con-
clude that peaks A and C are dark modes, similar to the plasmon 
coupling paths of peaks 1 and 3 in NRPs-I2. The plasmon cou-
pling path for mode B in NRPs-CR, however, is complex and 
differs from mode 2 in NRPs-I2. The reason for the difference 
is the decreased inner radii of the center and rightmost nano-
rings change the confi gurations of the dipole momentum of the 
nanorings. In mode B of NRPs-CR, one subgroup consists of 
the four leftmost nanorings oscillating in opposition of phase 

to NRPs-I2 in Figure  1 , the inner radius of the central nanoring 
was decreased from 65 to 45 nm, without breaking the four-
fold symmetry of the structure. For simplicity, the NRP array 
in Figure  4 (a) is termed NRPs-C2. Figure  4 (b) and (c) show 
the comparison between simulated and measured absorbance 
spectra of NRPs-C2 and NPRs-I2. Notably, a new peak appears 
at 880 nm in NRPs-C2, labeled as peak 5 in Figure  4 (c). This 
feature is clearly observed also in the simulations shown in 
Figure  4 (b). From the corresponding charge distributions in 
Figure  4 (d) it is seen that the upper and lower nanorings (sub-
group IV) oscillate in quadrupolar modes, while the three trans-
verse nanorings (subgroup III) form a bright dipolar mode. 
These two subgroups eventually couple and hybridize to form 
a quadrupole-dipole resonant mode. Based on the phase of the 
charge, we conclude that the coupled quadrupole-dipole mode 
is a dark mode. With respect to NRPs-I2, the inner radius of 
the center nanoring is decreased in NRPs-C2, thus the resonant 
energy of the bright mode between the center nanoring and the 
left and right nanorings increases to approach the quadrupolar 
resonant energy of the upper and lower nanorings. Therefore, 
these modes can couple and hybridize to form a quadrupole-
dipole plasmonic dark mode, which due to the overlap with the 
bright mode forms a third Fano resonance.  

 When the symmetry of the NRPs is broken by tuning the 
inner radii of satellite nanorings, much richer spectral features 
and additional Fano resonances can be observed.  Figure    5  (a) 
shows the SEM image of an asymmetric NRP array, termed as 
NRPs-CR. The inner radii of the central and right nanorings 
are 45 and 65 nm, while other parameters are the same as 
those of NRPs-I1 in Figure  1 (a). Both simulated and experi-
mental absorbance spectra for NRPs-CR are shown in Figure 
 5 (b) and (c). Five peaks are observed in the simulation spectra 
(A to D), while peaks B and C merge into a single broad peak 
in experimental spectra. This may be due to inhomogeneous 

      Figure 4.  Optical properties of NRPs-C2. a) SEM image of NRPs-C2. Scale bar: 1  µ m. Simulated (b) and measured (c) absorbance spectra of NRPs-C2. 
Charge (d) and electric-fi eld (e) distributions of peak 5. 
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near infrared absorbance spectra of NRPs were obtained by combining 
measurements with a Fourier-transform infrared spectrometer (FTIR: 
Bruker Vertex 80) equipped with a confocal microscope and a UV-vis-NIR 
microspectrophotometer (CRAIC QDI 2010). Both optical spectra and 
corresponding near-fi eld distributions of NRPs were modeled using the 
fi nite-difference time-domain method.  
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  4   .  Experimental Section 
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