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Scientific Progress Report:  

A. Objective 

We requested equipment to advance projects funded by a regular ARO grant ARO W911NF-
11-1-0447. The scientific goal is to build novel frequency agile plasmonic antennas and sensors. 
With  increasing demand to faster and smaller electronic and photonic devices, plasmonic 
technology which has promising approach to control light at length scale well below the optical 
diffraction limit has emerged. The small length scale of plamsmonic device, however, brings 
serious challenges in assembling, designing, and characterizing. The objective of this proposal is 
to develop an integrated method for assembly and characterization of individual nanostructures, 
to explore new design principles for plasmonic photonic devices, and to demonstrate prototypical 
devices to verify the effectiveness of both theoretical simulation and experimental approaches. 

B. The importance of the proposed research 
 

We propose to use nanomanipulation method, which is based on based on atomic force 
microscopy (AFM), to assemble plasmonic nanophotonic device in a reconfigurable manner and 
to characterize these devices using optical dark-field scattering spectra. In addition to the 
development of the methodology, the expected outcome of the project includes the demonstration 
of a photonic circuit consisting of both metallic and dielectric nanoparticles as described in details 
below.  

C. Accomplishment 

We experimentally demonstrated that circuit concepts can be used to model photonic 

components, extending the powerful concept of modular and lumped elements from electronics 

to photonics. This work was published in Nature Communication. 

 

We employed small colloidal metallic and dielectric nanoparticles (NPs), ideal platforms to 

translate these concepts to nanophotonic systems. With optical nanocircuit concepts, we are able 

to control the intrinsic optical impedance of NPs by their geometry and material composition. This 

impedance is defined as the ratio of the local potential difference V=|E|·L and the flux of 

displacement current Id=−iω|E|S through the NP, where E is the local electric field vector, L is the 

NP length along the electric field, ω is the frequency of operation, ε is the NP dielectric constant 

and S is its transverse cross-section. It follows that a dielectric NP with Re(ε) >0 behaves as a 

nanocapacitor, while a metallic NP with Re(ε) <0 acts as a nanoinductor. Ohmic loss in the 

materials takes the role of a nanoresistor.  

 



In this experiment, gold NPs (~60 nm in diameter) and Al2O3 NPs (~45 nm in diameter) were 

dispersed on a glass substrate. The AFM image of the sample (Fig. 1a) allowed us to locate each 

NP but did not distinguish between different NP types without ambiguity. Then we mapped the 

same area using optical dark-field microscopy, from which only scattering signals from Au NPs 

were detectable (Fig. 1b). Correlating the AFM and optical scattering images allowed us to 

differentiate metallic NPs (nanoinductors) from dielectric NPs (nanocapacitors) with certainty. By 

measuring the scattering from each NP, we detected differences in the scattering spectra because 

of slight variations in NP shape and size. We then picked a few chosen NPs with the desired 

impedance and assembled them to produce more complex connections (Fig. 1c) using the AFM 

tip. Finally, dark-field scattering measurements, shown schematically in Fig. 1d, were used to 

confirm the functionality of the nanoclusters by comparing the measured scattering spectra with 

the predicted nanocircuit response. 

 

We first consider a three-particle nanocircuit consisting of a dielectric Al2O3 NP sandwiched 

between two Au NPs, as shown in Fig. 2a. The measured scattering spectra from this nanocluster 

using s-polarized light are shown in Fig. 2b, with the incident electric field either perpendicular to 

the NP array (Y-circuit, blue line) or along it (X-circuit, red line). Owing to the anisotropy of this 

nanocluster, the optical response exhibits a spectral shift dependent on the direction of the 

impinging field relative to the NP array. A red shift in resonant wavelength is expected for the X-

circuit (Fig. 2b), which agrees with full-wave simulations (Fig. 2c). Figure 2d,e shows the 

corresponding simulated displacement vector distributions at the two resonant 

wavelengths: λ=532 nm for incident electric field parallel to the x axis (Fig.2d) and λ=524 nm for 

electric field along the y axis (Fig. 2e). Similar to a conventional electronic circuit, the intrinsic 

nanoinductance of the gold NPs is not affected by other components in the circuit.  

 

Figure 1: Assembly and characterization of a modular optical nanocircuit.(a) AFM and (b) 

dark-field scattering images of plasmonic and dielectric NPs randomly distributed on a glass 

substrate. Only Au NPs yield strong scattering signals. Scale bar, 3 μm. The NPs enclosed in 

circles in a are missing in b, thereby identifying them as dielectric NPs. (c) Illustration of AFM 

nanomanipulation as a way to dynamically assemble complex optical nanocircuits from 

independent optical inductors (plasmonic NPs, yellow) and capacitors (dielectric NPs, green). (d) 

Schematic representation of our dark-field scattering measurements. Light impinges at an 

incidence angle of 60 degrees and the scattering signal is collected along the substrate normal. 



 

On the basis of the different electric displacement field distributions (Fig. 2d,e), two circuits 

with different connections among the elements (Fig. 2f,g) account for the change in the scattering 

spectra. The three nanocircuit elements are connected in series (X-circuit in Fig. 2f) for incident 

electric field polarized along the axis of the NP cluster, since this excitation ensures the continuity 

of the displacement current across the cluster, as confirmed by our simulations in Fig. 2d. In 

conventional circuit theory, the number of independent reactive elements determines the order of 

a filter. Accordingly, the X-circuit (Fig. 2f) realizes a second order filter, which is an LC circuit 

formed by the series combination of an inductor (the Au NPs) and a capacitor (determined by 

the Al2O3 NP and the fringing fields). Conversely, for incident electric field perpendicular to the 

axis of the NP cluster (Fig. 2e), each element experiences the same potential difference (that is, 

voltage), leading to a parallel connection between them. This Y-circuit (Fig. 2g) forms a third order 

nanofilter, in which the fringe capacitance is connected in series to the parallel of the Au NP 

inductors and the Al2O3 NP capacitor. The scattering spectra predicted by our circuit model (Fig. 

2h) are indeed quantitatively consistent with the measured and simulated spectra for both X- and 

Y-circuits (Fig. 2b,c). By realizing different circuit configurations controlled by the direction of the 

Figure 2: Second and third order lumped nanofilters. (a) AFM image and geometry of a 3-NP 

cluster composed of an Al2O3 NP sandwiched between two AuNPs. All dimensions are in 

nanometres. Scale bar, 100 nm. (b) Dark-field scattering measurements for s-polarized light 

exciting the nanocircuit with the electric field along x (red line) or y (blue). (c) Corresponding full-

wave simulations with electric field along x (red line) or y (blue). (d,e) Simulated electric 

displacement field distributions and field vectors at the resonance wavelengths for the two 

incidence directions: λ=532 nm (d) and λ=524 nm (e). (f,g) Theveninnanocircuit models of second 

orde and third order lumped nanofilters. (h) Corresponding circuit theory predictions: X-circuit (red 

line) and Y-circuit (blue). 



excitation field, we are able to experimentally prove the design and operation of optical stereo-

circuits, which do not have a counterpart in the electronic realm.  

  

 

Then we further add another metallic NP below the previous nanocircuit design, as illustrated 

in Fig. 3a. The scattering measurements shown in Fig. 3b were taken with incident light direction 

fixed while gradually changing the polarization from p to s. Our experiments (Fig. 3b) agree well 

with full-wave simulations (Fig. 3c). Shown in Fig. 3d,e are the simulated displacement vector 

distributions at the longer wavelength resonance (λ=688 nm), for polarizations parallel (Fig. 3d) 

and orthogonal (Fig. 3e) to the array, highlighting the polarization-dependent interaction among 

NPs. Even in this more complex configuration, the electric displacement vector distributions fully 

support the circuit models reported in Fig. 3f,g, which correspond to fourth order nano-filters. This 

example shows that we can quantitatively control the spectral response by connecting an 

additional nanoinductor. More specifically, we have been able to add a new zero and/or pole to 

Figure 3: A fourth order lumped nanofilter.(a) AFM image and geometry of a 4-NP 

complex nanocircuit composed of three Au NPs and one Al2O3NP. All dimensions are 

in nanometres. Scale bar, 100 nm. (b) Dark-field scattering measurements for 

polarization rotating from s to p; (c) corresponding full-wave simulations. Curves 

in b,c have been shifted vertically to facilitate comparisons. (d,e) Simulated electric 

displacement field distributions and field vectors for polarizations parallel (d) and 

orthogonal (e) to the array axis, at the λ=688 nm. (f,g) Theveninnanocircuit models. (h) 

Corresponding circuit theory predictions for the two orthogonal polarizations. 



the scattering response by adding an independent reactive element to the circuit of Fig. 2. Rather 

than modeling a distributed photonic system with an equivalent circuit, our work shows that it is 

actually possible to synthesize photonic circuit functionality by assembling modular lumped 

elements. 

 

 We would like to emphasize the key message of this work: the nanocircuit paradigm 

provides an unmatched degree of simplicity to control and tailor the optical response of rather 

complex nanophotonic structures. Remarkably, the impedance of each nanosphere remains 

independent of the cluster geometry and surrounding environment in all the circuits we have 

demonstrated, starting from the isolated NP to the complex fourth order nanocircuit. In other 

words, each NP carries inherent optical impedance, which is a property of the particle itself, 

allowing us to modularize its response and combine it in complex configurations. To the best of 

our knowledge, this work represented the first reconfigurable photonic circuit at the time it was 

reported.  

        

 

 
D. Publication in peer-reviewed journals 

1. J. Shi*, S. Elias*, F. Monticone*, Y. Wu, D. Ratchford, X. Li, and A. Alù, “Modular 
Assembly of Optical Nanocircuits,” Nature Communications, Vol. 5, No. 3896, May 29, 2014. 

 

 

 




