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Frequency-selective propagation of 
localized spoof surface plasmons in 
a graded plasmonic resonator chain
Zhen Gao1,*, Fei Gao1,*, Kunal Krishnaraj Shastri1 & Baile Zhang1,2

Localized spoof surface plasmon polaritons (spoof-SPPs) in a graded spoof-plasmonic resonator 
chain with linearly increasing spacing are experimentally investigated at microwave frequencies. 
Transmission measurements and direct near-field mappings on this graded chain show that the 
propagation of localized spoof-SPPs can be cutoff at different positions along the graded chain under 
different frequencies due to the graded coupling between adjacent resonators. This mechanism can be 
used to guide localized spoof-SPPs in the graded chain to specific positions depending on the frequency 
and thereby implement a device that can work as a selective switch in integrated plasmonic circuits.

It is well-established that structured metallic surfaces support unique electromagnetic surface modes at subwave-
length scales ranging from microwave to far-infrared1–3. These surface modes are widely termed as “designer” or 
“spoof ” surface plasmon polaritons (spoof-SPPs) since they have similar characteristics to surface plasmon polar-
itons (SPPs) found in metal-dielectric interfaces at visible frequencies. Owning to their tunability, spoof-SPPs 
have many exciting technological prospects, particularly in subwavelength manipulation of electromagnetic 
waves4–12. Phenomena such as the slow-light “rainbow” effect which involves stopping propagating spoof-SPPs 
on graded metallic structures at different positions for different frequencies have been demonstrated in the last 
decade13,14. Similar effects have also been verified in both visible15 and microwave16,17 regimes.

While most of these previous studies focused on propagating spoof-SPPs, recently, localized spoof-SPPs 
have been demonstrated using spoof-plasmonic resonators18–23. In this report, we propose and experimen-
tally demonstrate a one-dimensional adiabatically graded spoof-plasmonic resonator chain that can transport 
localized spoof-SPPs to different positions at different frequencies. This resonator chain consists of a graded 
coupled-resonator optical waveguide (CROW)24 with the spacing between resonators increasing linearly along 
the chain. This structure can work as a selective switch and can have potential applications in integrated plas-
monic circuits.

Results
In this experiment we use a recently proposed spoof-plasmonic resonator19 (shown in Fig. 1a) as the funda-
mental building block of the graded chain. The resonator consists of an ultrathin corrugated metallic disk of 
copper of thickness 0.018 mm printed on a dielectric substrate (Rogers RT 5880) of thickness 0.254 mm using 
standard printed circuit board (PCB) technology. A graded change of coupling between the resonators is induced 
by linearly increasing the spacing between neighboring resonators along the chain. In our study we use a chain 
with eleven spoof-plasmonic resonators, and the spacing between adjacent resonators obeys the following rule: 
Λ n =  25 +  (n− 1) mm, where Λ n denotes the spacing between the n-th and (n +  1)-th resonators, as shown in 
Fig. 1b (top view).

Since the characteristics of the spoof-SPP resonator chain mainly depend on the graded couplings between 
neighboring resonators, we first consider coupling between two resonators by exciting the quadrupole mode. 
To measure the near-field transmission spectra, two microwave monopole antennas, acting as source and probe 
respectively, are employed at the location of the two red dots close to the spoof-plasmonic resonators shown 
in Fig. 2a. The measured near-field transmission spectra through this coupled-resonator dimer for different 
inter-cavity distances D =  1 mm (blue line), D =  6 mm (red line) and D =  10 mm (green line) are presented in 
Fig. 2b. For comparison, the transmission spectrum for a single resonator (grey line) is also measured by placing 
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the source and probe at opposite sides of an individual resonator. The resonance peak at 5.34 GHz observed in 
this case, corresponds to the quadrupole mode of a single spoof-SPP resonator. When the coupled-resonator 
dimer is excited with a monopole antenna, the quadrupole mode of an individual resonator at Q =  5.34 GHz is 
observed to split into two supermodes: at ωπ =  5.00 GHz and ω0 =  5.67 GHz for inter-cavity distance D =  1 mm, 
ωπ =  5.19 GHz and ω0 =  5.49 GHz for inter-cavity distance D =  6 mm, and ωπ =  5.25 GHz and ω0 =  5.42 GHz for 
inter-cavity distance D =  10 mm. Here the subscripts “π” and “0” respectively denote out-of-phase and in-phase 
phase relations for the two resonators after mode splitting. It is seen that decreasing the inter-cavity distance D 
increases the separation between two split resonances (which is a direct indication of the coupling strength), as 
expected from the tight-binding formalism that two cavities couple through the overlap of their evanescent modal 
tails25. Subsequently, the spectral position of the resonance peaks of the split quadrupole modes with variable 
inter-cavity distances D from 1 mm to 10 mm are measured and presented in Fig. 2c. It is apparent that the res-
onance frequencies of two split resonant modes approach the resonance frequency of the quadrupole mode of a 
single resonator (grey dashed line) as the inter-cavity distance D is increased.

Using an optical analogue of tight-binding approximation25, we can experimentally retrieve the coupling fac-
tor κ from the measured split resonance frequencies and the phase relation between the two coupled resona-
tors. We obtain κ1 =  0.125 for inter-cavity distance D =  1 mm, κ6 =  0.056 for inter-cavity distance D =  6 mm, and 
κ10 =  0.0318 for inter-cavity distance D =  10 mm, respectively. It is apparent that a larger inter-cavity distance has 
a smaller coupling factor due to weaker coupling.

Next, we analyze the dispersion curves of a one-dimensional (1D) infinite spoof-plasmonic resonator chain 
with a constant inter-cavity distance. When the number of resonators is increased, a waveguiding band is 
expected due to the coupling of individual resonant modes24. The dispersion relations for the quadrupole mode 
can be calculated for different inter-cavity distances using Yariv’s formula: ω K =  Ω[1 +  κcos(KΛ )], where Ω is the 
resonant frequency of an individual resonator, κ is the inter-resonator coupling strength extracted from the mode 
splitting of two coupled resonators, K is the Bloch wavevector, and Λ  is the periodicity of the coupled-resonator 
waveguide. The dispersion relations for inter-cavity distance D =  1 mm (blue line), D =  6 mm (red line), and 
D =  10 mm (green line) are presented in Fig. 2d. The waveguiding bandwidth is observed to get narrower as the 
inter-cavity distance gets larger since the increased distance induces the smaller coupling strength κ. In Fig. 2e we 
plot the normalized group velocity: κ= = − ΩΛ Λωv Ksin( )g

d
dK

K  of the waveguiding band corresponding to 
waveguides with different inter-cavity distances D as a function of wave vector K. It can be seen that the group 
velocity has a maximum value at the coupled-cavity waveguiding band center, and decreases significantly as the 
band edges are approached.

Finally, we consider a graded spoof-SPP resonator chain with distance between the resonators linearly increas-
ing from the left-hand side (D =  1 mm) to the right-hand side (D =  10 mm) in steps of 1 mm (Fig. 3a). It should 
be noted that one cannot define the wavevector in a rigorous sense in a graded system due to the absence of 
translational invariance. However, if we assume each pair of neighboring spoof-SPP resonators as periodic chains 
with constant spacing, the dispersion relations are expected to change gradually along the chain as the spacing 
is linearly increased. Thus, the dispersion relations will vary as a function of position along the chain, roughly 
changing from the dispersion relation shown for D =  1 mm to that for D =  10 mm in Fig. 2d. The first pair of the 
spoof-SPP resonators (D =  1 mm) can be considered as a gate to determine the largest frequency range of the 
waveguiding band. With increasing spacing along the graded chain, the coupling strength between neighboring 
resonators decreases and the bandwidths as well as the cutoff frequencies reduce. At the end of the graded chain, 
only localized spoof-SPPs of the periodic chain with inter-cavity distance D =  10 mm (corresponding the last 
pair of resonators) can propagate through the chain. Therefore, the graded spoof-SPP resonator chain works like 
a filter to gradually get rid of the localized spoof-SPPs with frequency within the band region of D =  1 mm and 
outside the band region of D =  10 mm along the chain.

We now discuss the experimental setup used to characterize the fabricated graded spoof-SPP resonator 
chain described above. We start by exiting the graded chain with a monopole antenna placed 1 mm away from 
the left-side of the first resonator (red dot S1 in Fig. 3a), and measure the transmission spectra of the localized 
spoof-SPPs with another monopole antenna acting as a probe. This probe is placed 1 mm above the graded chain 

Figure 1. Schematic of single spoof-plasmonic resonator and graded spoof-plasmonic resonator chain.  
(a) Schematic picture (top view) of the spoof-plasmonic resonator with radius R =  12 mm. The depth, width and 
periodicity of grooves are r =  9 mm, a =  0.625 mm and d =  1.255 mm, respectively. (b) Schematic of the graded 
spoof-plasmonic resonator chain that consists of resonators with linearly increased spacing.
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and can freely move to measure both the amplitude and phase of the received signal at points indicated by red 
dots P2-P11 in Fig. 3a. Both monopole antennas are connected to a vector network analyzer (R&S ZVL-13) to 
transmit and receive the signal. We conduct the experiment in two steps to demonstrate the predictions made in 
the previous paragraph. First, we measure and simulate the transmission spectra at different positions (P2-P11) 
along the resonator chain to verify the graded transmission bandwidths. The measured and simulated results 
of the S parameters (transmission coefficients S21) are shown in Fig. 3b,c. We observe that the transmission 
bandwidths gradually decrease as the probe moves along the graded chain direction and is, hence, consistent 
with the dispersion curves in Fig. 2b. The transmission coefficients illustrated in Fig. 3b,c clearly indicate the 
highly frequency-selective property of the proposed structure. Compared to existing frequency-selective devices 
based on propagating spoof-SPPs26, the filtering performance of our structure is much better when the working 
frequency is beyond the selected frequency band (transmission coefficients (S21) is less than − 30 dB). Second, 

Figure 2. Coupling between two spoof-plasmonic resonators. (a) Picture of two coupled spoof-plasmonic 
resonators with inter-cavity distance D. Red dots indicate monopole point source and probe. (b) The measured 
near-field transmission spectra of the quadrupole mode through a coupled-resonator dimer for different inter-
cavity distances D. The near-field response spectrum of a single resonator (grey line) is plotted for comparison. 
(c) The dependence of the split resonance frequencies (ω0 and ωπ) on the inter-cavity distance D between the 
two coupled resonators. Inset is a diagram showing the mode splitting of the resonator-dimer. (d) Dispersion 
curves calculated from experimentally retrieved coupling factors for the quadrupole modes with different inter-
cavity distances D. (e) Group velocity curves calculated from experimentally retrieved coupling factors for the 
quadrupole modes with different inter-cavity distances D.
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to map the local field distribution (Ez) on the graded spoof-plasmonic resonator chain we adopt a microwave 
near-field imaging technique27. Fig. 4a–e show the measured Ez-field distributions and phase information, at 
different frequencies, 1 mm above the top of the graded chain. The numerically simulated fields are also shown 
in Fig. 4f–j for comparison, which are in good agreement with the measurement results. We observe from the 
measured near-field patterns that localized spoof-SPPs can be cutoff at designed positions for different frequen-
cies due to the graded couplings between neighboring resonators along the graded chain. In general, two dif-
ferent types of electric field distributions can be observed in Fig. 4a–e. Within the waveguiding band of the 
periodic infinite spoof-plasmonic resonators chain with inter-cavity distance D =  10 mm (the last resonator pair), 
the coupled localized spoof-SPPs can propagate through as an extended mode, as shown in Fig. 4c. However, 
above or below the waveguiding band of the resonators chain with inter-cavity distance D =  10 mm, the coupled 
localized spoof-SPPs cannot propagate and cutoff at designed positions under different frequencies, as shown in 
Fig. 4a,b,d,e.

Discussion
In conclusion, we have experimentally and numerically investigated coupled localized spoof-SPPs in a graded 
spoof-SPP resonator chain with linearly increasing spacing between neighboring resonators. Because of the grad-
ually varying coupling strength along this special structure, the effective dispersion curves of the graded struc-
ture are spatially inhomogeneous. Experimental measurements on this graded chain demonstrate that localized 
spoof-SPPs can propagate to different positions at different frequencies. This finding may find potential applica-
tions in integrated plasmonic circuits.

Figure 3. Measured and simulated transmission spectra of graded spoof-plasmonic resonator chain.  
(a) Picture (top view) of the fabricated graded spoof-plasmonic resonator chain with linearly increasing 
spacing. Positions of the source (S1) and probe (P2-P11) are indicated as red dots. (b) The measured transmission 
spectra through the graded spoof-plasmonic resonator chain for different probe positions. (c) The numerically 
simulated transmission spectra through the graded spoof-plasmonic resonator chain for different probe 
positions.

Figure 4. Measured and simulated electric near-field distributions. (a–e) The measured Ez-field distribution 
1 mm above the top of the graded spoof-plasmonic resonator chain at different frequencies. (f–j) The numerically 
simulated Ez-field distribution 1 mm above the top of the graded spoof-plasmonic resonator chain at different 
frequencies.
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Methods
Sample fabrication. All samples are fabricated using 0.254-mm-thick RT/duroid 5880 (Permittivity 
ε  =  2.2 ±  0.02; Loss tangent Δ δ  =  0.0009) printed circuit boards with one side covered by 18-μ m-thick textured 
copper disks etched based on the designs.

Characterization. In the near-field scanning experiment, the source was a 5 mm-long monopole antenna 
that was placed 0.5 mm away (as indicated by red dots) from the resonator. The probe, another 5 mm-long mono-
pole antenna, was able to scan in the horizontal plane 1 mm above the sample, measuring both the amplitude and 
phase of the resonance wave fields. By stepping the probe with 0.5 mm increment in both x and y directions, a full 
2D spatial field map can be obtained experimentally. Both the souce and probe are connected to a vector network 
analyzer (R&S® ZVL13).

References
1. Raether, H. R. Surface Plasmons on Smooth and Rough Surfaces and on Gratings, Vol. 4 (eds HÖhler, G. et al.) Ch. 2, 4–7 (Springer, 

1988).
2. Harvey, A. F. Peoriodic and guiding structures at microwave frequencies. IEEE T. Micro Theory 8, 30–61 (1960).
3. Pendry, J. B., Martín-Moreno, L. & Garcia-Vidal, F. J. Mimicking surface plasmons with structured surfaces. Science 305, 847–848 

(2004).
4. Hibbins, A. P., Evans, B. R. & Sambles, J. R. Experimental verification of designer surface plasmons. Science 308, 670–672 (2005).
5. Maier, S. A., Andrews, S. R., Martín-Moreno, L. & García-Vidal, F. J. Terahertz surface plasmon-polariton propagation and focusing 

on periodically corrugated metal wires. Phys. Rev. Lett. 97, 176805 (2006).
6. Williams, C. R. et al. Highly confined guiding of terahertz surface plasmon polaritons on structured metal surfaces. Nat. Photonics 

2, 175–179 (2008).
7. Gao, Z., Zhang, X. F. & Shen, L. F. Wedge mode of spoof surface plasmon polaritons at terahertz frequencies. J. Appl. Phys. 108, 

113104 (2010).
8. Martin-Cano, D. et al. Domino plasmons for subwavelength terahertz circuitry. Opt. Express 18, 754–764 (2010).
9. Gao, Z., Shen, L. F. & Zheng, X. D. Highly-confined guiding of terahertz waves along subwavelength grooves. IEEE Photon. Technol. 

Lett. 24, 1343–1345 (2012).
10. Gao, Z., Shen, L. F., Wu, J.-J., Yang, T.-J. & Zheng, X. Terahertz surface plasmon polaritons in textured metal surfaces formed by 

square arrays of metallic pillars. Opt. Commun. 285, 2076 (2012).
11. Shen, X., Cui, T. J., Martin-Canon, D. & Garcia-Vidal, F. J. Conformal surface plasmons propagating on ultrathin and flexible films. 

Proc. Natl. Acad. Sci. 110, 40–45 (2013).
12. Gao, F. et al. Probing the limits of topological protection in a designer surface plasmon structure. arXive: 1504.07809 (2015).
13. Gan, Q. Q., Fu, Z., Ding, Y. J. & Bartoli, F. J. Ultrawide-bandwidth slow-light system based on THz plasmonic graded metallic grating 

structures. Phys. Rev. Lett. 100, 256803 (2008).
14. Gan, Q. Q., Ding, Y. J. & Bartoli, F. J. “Rainbow” trapping and releasing at telecommunication wavelengths. Phys. Rev. Lett. 102, 

056801 (2009).
15. Gan, Q. et al. Experimental verification of the rainbow trapping effect in adiabatic plasmonic gratings. Proc. Natl. Acad. Sci. 108, 

5169–5173 (2011).
16. Zhou, Y. J. & Cui, T. J. Broadband slow-wave systems of subwavelength thickness excited by a metal wire. Appl. Phys. Lett. 99, 101906 

(2011).
17. Yang, Y., Shen, X. P., Zhao, P., Zhang, H. C. & Cui, T. J. Trapping surface plasmon polaritons on ultrathin corrugated metallic strips 

in microwave frequencies. Opt. Express 23, 7031–7037 (2015).
18. Pors, A., Moreno, E., Martin-Moreno, L., Pendry, J. B. & Garcia-Vidal, F. J. Localized spoof plasmons arise while texturing closed 

surfaces. Phys. Rev. Lett. 108, 223905 (2012).
19. Shen, X. & Cui, T. J. Ultrathin plasmonic metamaterial for spoof localized surface plasmons. Laser Photonics Rev. 8, 137–145 

(2014).
20. Gao, F. et al. Dispersion-tunable designer-plasmonic resonator with enhanced high-order resonances. Opt. Express 23, 6896 

(2015).
21. Gao, F. et al. Vertical transport of subwavelength localized surface electromagnetic modes. Laser Photonics Rev. 9, 571–576 (2014).
22. Gao, Z. et al. Experimental demonstration of high-order magnetic localized spoof surface plasmons. Appl. Phys. Lett. 107, 041118 

(2015).
23. Gao, Z., Gao, F., Zhang, Y. M. & Zhang, B. L. Complementary structure for designer localized surface plasmons. Appl. Phys. Lett. 

107, 051545 (2015).
24. Yariv, A., Xu, Y., Lee, R. K. & Scherer, A. Coupled-resonator optical waveguide: a proposal and analysis. Opt. Lett. 24, 711 (1999).
25. Bayindir, M., Temelkuran, B. & Ozbay, E. Tight-binding description of the coupled defect modes in three-dimensional photonic 

crystals. Phys. Rev. Lett. 84, 2140 (2000).
26. Yin, J. Y. et al. Broadband frequency-selective spoof surface plasmon polaritons on ultrathin metallic structure. Scientific Reports 5, 

8165 (2015).
27. Gao, Z., Gao, F. & Zhang, B. L. Guiding, bending, and splitting of coupled defect surface modes in a surface-wave photonic crystal. 

Appl. Phys. Lett. 108, 041105 (2016).

Acknowledgements
This work was sponsored by the NTU Start-Up Grants, Singapore Ministry of Education under Grant No. 
MOE2015-T2-1-070 and MOE2011-T3-1-005.

Author Contributions
Z.G. conceived the idea. Z.G. and F.G. performed the numerical simulation and experimental measurement. Z.G., 
K.K.S. and B.Z. analyzed the data and wrote the manuscript. B.Z. supervised the research.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Gao, Z. et al. Frequency-selective propagation of localized spoof surface plasmons in a 
graded plasmonic resonator chain. Sci. Rep. 6, 25576; doi: 10.1038/srep25576 (2016).



www.nature.com/scientificreports/

6Scientific RepoRts | 6:25576 | DOI: 10.1038/srep25576

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Frequency-selective propagation of localized spoof surface plasmons in a graded plasmonic resonator chain
	Results
	Discussion
	Methods
	Sample fabrication. 
	Characterization. 

	Acknowledgements
	Author Contributions
	Figure 1.  Schematic of single spoof-plasmonic resonator and graded spoof-plasmonic resonator chain.
	Figure 2.  Coupling between two spoof-plasmonic resonators.
	Figure 3.  Measured and simulated transmission spectra of graded spoof-plasmonic resonator chain.
	Figure 4.  Measured and simulated electric near-field distributions.



 
    
       
          application/pdf
          
             
                Frequency-selective propagation of localized spoof surface plasmons in a graded plasmonic resonator chain
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25576
            
         
          
             
                Zhen Gao
                Fei Gao
                Kunal Krishnaraj Shastri
                Baile Zhang
            
         
          doi:10.1038/srep25576
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep25576
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep25576
            
         
      
       
          
          
          
             
                doi:10.1038/srep25576
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25576
            
         
          
          
      
       
       
          True
      
   




