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A new type of optical activity in a toroidal metamaterial
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Abstract— Optical activity is a phenomenon which is widely observed across both natural
and artificially chiral structures. Microscopically, the presence of optical activity in a system is
conventionally understood in terms of the coupling of excited, co-aligned electric and magnetic
dipoles[1]. Whilst combinations of electric dipoles with higher-order multipoles can also con-
tribute to optical activity, such effects are frequently considered to be negligible. Metamaterial
engineering however, allows for the design of structures where conventional microscopic multi-
pole responses are suppressed in favour of more unusual excitations, including the elusive toroidal
dipole.

First considered by Zel’dovich in 1958[2], the toroidal dipole has recently been identified as
an integral component in the excitations of metamaterial structures[3]. As the toroidal dipole
radiates as an electric multipole[4], it is anticipated that it could contribute to optical activity in
the same manner as an electric dipole. Here, we report on the first observation of optical activity
in a structurally-chiral metamaterial that cannot be attributed to conventional multipoles, and
can only be accounted for by the inclusion of the toroidal dipole in the multipole expansion.

The metamaterial unit cell studied consists of four split-ring resonators embedded in a low-loss
dielectric, with the unit cells arranged such that the material has a structural chirality. The
metamaterial is studied experimentally in a microwave chamber and computationally using a
commerical Maxwell’s equation solver. By extracting the microscopic multipole response, we
confirm that at resonance a non-negligible toroidal dipole is excited and contributes to the ob-
served circular dichroism in the metamaterial’s transmission spectrum. This is corroborated by
an examination of the material’s polarisation eigenstates and how they vary upon removal of
multipole excitations from the metamaterial’s response.
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