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The field of metamaterials has recently opened exciting opportunities to boost light-matter 

interactions at various wavelengths, by the means of their large field enhancement and localization. 

In this talk, we describe our recent theoretical and experimental advances in exploiting these 

effects to significantly boost the nonreciprocal and nonlinear response of subwavelength meta-

molecules and arrays of them, forming metasurfaces and metamaterials.  

We first introduce the metamaterial analog to the ferromagnetic Zeeman effect, according to 

which we are able to induce large nonreciprocal response at the subwavelength scale by splitting 

the degenerate modes supported by a resonant nanoring meta-molecule using azimuthally 

symmetric spatiotemporal modulation (panels a,b). Inspired by the Onsager-Casimir principle, we 

show that the angular momentum bias imparted by this specific form of modulation [1] can replace 

and do better than conventional magnetic biasing, achieving large nonreciprocal effects with low 

modulation amplitude and frequency, in a fully integrated design that does not require magnetic 

materials or bias. In our talk, we will discuss the impact of these concepts in a variety of 

applications, including magnet-less radio-frequency, nanophotonic (c-e) and acoustic components, 

metasurfaces and metamaterials that can achieve giant nonreciprocal response at the nanoscale.  

We will also discuss our recent theoretical and experimental progress in boosting the naturally 

weak nonlinear response using metamaterials. We have recently pursued two promising venues in 

this direction: the use of an effective 

permittivity near-zero [2] and the 

pairing of electronic and photonic 

transitions in suitably designed 

metasurfaces [3]. These concepts 

can produce orders of magnitude 

enhancement in the efficiency of 

various nonlinear optical processes, 

including second-harmonic 

generation, phase conjugation and 

frequency mixing, also relaxing the 

need for phase matching.  

In our talk, we discuss how the 

large light-matter interaction in 

suitably designed metamaterials, 

combined with new concepts such 

as electronic transitions or moving 

media, may open new important 

directions for modern technology. 
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Metamaterial Zeeman effect: by mimicking how nonreciprocity is 

broken in ferromagnetic molecules by modal splitting at the molecular 

level (a), we introduce a Zeeman meta-molecule consisting of a 

resonant nanoring loaded by a spatiotemporally modulated, or a 

rotating, substrate (b). We induce giant nonreciprocal response for 

radio-frequency, nanophotonic (c) and acoustic systems based on this 

principle. (d-e) Operation of a Zeeman nanophotonic circulator, not 

requiring a magnetic bias or ferromagnetic effects. 
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