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Phase-matching is critical for coherent nonlinear optical processes such as frequency conversion. Phase-
matching allows microscopic nonlinear sources to combine constructively, resulting in more efficient far 
field emission.  Zero index materials, a class of metamaterial, have a constant phase throughout the 
material, allowing nonlinear sources at all positions within the material to add up constructively.  These 
materials provide a route to perfectly phase match nonlinear processes resulting in phase mismatch-free 
materials.   

We experimentally demonstrate phase mismatch-free nonlinear propagation in a bulk fishnet 
metamaterial with a zero refractive index1. The fishnet metamaterial exhibits regimes of positive, zero, 
and negative refractive indices. The index was characterized with phase measurements using spectrally 
and spatially resolved interferometry2.  Using intrapulse four-wave mixing (FWM), we show that at the 
zero crossing of the refractive index, the forward-backward FWM ratio is nearly unity, indicating perfect 
phase matching for both directions. In contrast to existing phase matching techniques, zero index 
metamaterials allow perfect phase matching in both the forward and backward directions.  This first 
observation of phase mismatch-free nonlinear propagation in zero-index materials, which was verified by 
numerical simulation of the propagation dynamics, could allow efficient bi-directional nonlinear 
generation, a capability which is lacking in conventional nonlinear materials. The removal of the phase 
matching requirement may lead to new applications of nonlinear optical metamaterials. 

Fig. 1 The role of phase mismatch. Avoiding 
phase mismatch is critical for obtaining efficient 
nonlinear conversion. The most widely used 
methods for phase matching allow compensation 
either in the forward or backward directions, but not 
both. In contrast, a zero index metamaterial creates 
a phase-mismatch free environment for nonlinear 
propagation, eliminating the requirement for phase 
matching. Each source coherently emits equally in 
both directions, acquiring a phase which is 
proportional to the refractive index (A,B) as it 
propagates. In a zero index medium (B), the 
radiation from all nonlinear sources acquires no 
phase as they propagate, guaranteeing a 
constructive interference and an increase of the 
signal in both directions with propagation length 
(D). In contrast, in a finite index medium (A), the 
emission acquires phase as it propagates, leading to 

destructive interference when the process is not phase matched. For example, in a degenerate four wave mixing process in which 
𝝎𝒔𝒊𝒈𝒏𝒂𝒍 ≈ 𝝎𝒑𝒖𝒎𝒑 ≈ 𝝎𝒊𝒅𝒍𝒆𝒓, the sources destructively interfere in the backward direction (C) resulting in weaker backward 
emission  (Reproduced from Ref [1]). 
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