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Abstract: The interaction of a focused beam with a metasurface supporting dark modes is 
investigated. We show computationally and experimentally that the excitation of dark modes 
is accompanied by characteristic changes in the reflected Fourier spectrum. This spatial 
frequency filtering capability indicates an avenue for the all-optical, on-chip detection of 
phase gradients for biological and other imaging techniques. 
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1. Introduction

Subradiant or ‘dark’ modes of nanophotonic elements have attracted considerable interest as a 
result of their long radiative lifetime and associated narrow spectral features [1–9]. These 
modes possess zero net dipole moment and have symmetries precluding their coupling to a 
normal plane wave. Examples include the Transverse Electromagnetic (TEM) mode of 
coaxial cavities [10,11], magnetic dipole modes of split ring resonators [12], and modes of 
ensembles of nanoparticles exhibiting a radial symmetry [1,2,13]. Their spectral properties 
can be observed through excitation with off-normal incidence plane waves [8], or vector 
beams [2,4,13]. Applications of metasurfaces [14,15], consisting of arrangements of 
nanophotonic resonators on a two-dimensional surface have also progressed with recent 
demonstrations of their performance as compact lenses [16–18], holograms [19,20], and 
waveplates [21–24]. 

Although most research has focused on the utilization of bright modes, the angular 
sensitivity of the excitation of subradiant modes implies spatial frequency filtering 
capabilities. This suggests their potential use as ultra-compact alternatives to analogue optical 
information processing techniques with applications in biological imaging and high precision 
thickness measurements. Recent publications in this realm have demonstrated advances 
towards ultra-compact solutions for phase sensing [25], and image processing [26,27], based 
on plasmonic effects. These theoretically and/or experimentally demonstrate the application 
of spatial frequency filtering to performing mathematical operations including edge 
enhancement and the visualization of phase objects. 

Here we report on illumination of metasurfaces through high numerical aperture (NA) 
microscope objectives. The angular spectrum components of the incident field corresponding 
to off-normal illumination with appropriate polarization can excite subradiant modes of the 
unit cells, which, here, consist of a radial trimer of silver nanorods. It has previously been 
shown [2] that as the separation between the rods decreases, the dipole resonance associated 
with uncoupled particles splits/hybridizes and the dipole mode of the ensemble is red-shifted 
while the dark mode is blue shifted. This increases the spectral separation between these 
resonances facilitating identification of each mode. The excitation of dark modes in isolated 
rod trimer structures and the role played by asymmetries in the geometry has been 
investigated experimentally [2]. Rather than considering isolated resonators, here we consider 
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