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Abstract: We demonstrate that non-reciprocal directionality of nonlinear generation is
inherent to and realistically observable in the nonlinear multipolar response of nanostructures.
Alternatively, nonlinear multipolar interference can ensure a directionally selective inhibition
of the nonlinear process.
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Probing the nonlinear response in light-matter interactions offers the advantage of lifting some fundamental limita-
tions existing within the scope of linear operations. One of the most striking examples is the ability of breaking the reci-
procity of light transmission. Light propagation through a medium characterized by a symmetric, time-independent,
and linear permittivity tensor stays the same when reversing the direction of incidence, or interchanging the source
and the detector [1]. The above reciprocity theorem persists even in a lossy system, where time-reversal symmetry
does not hold. While serving as an innate foundation in any optical design, it presents a fundamental challenge for
applications requiring a non-reciprocal directionality of light propagation.

A common technique in utilizing a nonlinear response for achieving a non-reciprocal light transmission relies on
directionality-dependent local field patterns in structures possessing an asymmetry along the propagation direction,
either in their geometry or in material composition [2, 3]. Placing a nonlinear element within the region of the highest
contrast between the local field patterns induced by forward versus backward-propagating incident beams results in the
variation of the efficiency of the transmitted light, for the excitation intensities strong enough to invoke the nonlinear
response.

Here, we show that the option of non-reciprocity in the directionality and the efficiency of nonlinear generation is
inherently incorporated in the response of nanoelements exhibiting magnetic dipolar (or higher-order multipolar) Mie
resonance(s) in their linear response. In particular, we show that nonlinear generation from a nanoelement, where it
regularly occurs nearly isotropically in all directions (due to the lack of phase matching constraints within nanoscale
interaction volumes), can be made both unidirectional and non-reciprocal, such that the generation occurs predom-
inantly in a single direction which, additionally, remains unchanged with respect to a fixed laboratory coordinate
system when reversing the direction of the fundamental beam(s) [4]. In contrast with the previous studies, the pro-
posed approach does not require asymmetry in either the geometry or the material composition of the nanoelement.
Rather, it relies on the multiplicative nature of the nonlinear response which, in turn, allows a simultaneous change
in phase of both the electric and the magnetic, nonlinearly induced, dipolar modes, when switching the phase of a
single (either electric or magnetic) vector of the fundamental field. This phenomena is also qualitatively different
from a directional scattering achieved via linear multipole interference at Kerker [5] condition, where the enhanced
and the suppressed sides always switch when reversing the excitation beam. We discuss the limitations, brought by
group symmetry [6] restrictions, on the number fundamental beams than can be decoupled in such a manner from the
resulting direction of nonlinearly generated beam. Furthermore, the interference can occur between various pathways
within the electric and magnetic (nonlinearly produced) dipolar modes. As a result, non-reciprocity in terms of just a
change in the efficiency of nonlinear generation when reversing the direction of any subset of the fundamental beams
is inherent to and expected in the nonlinear response of most nanoelements, even the symmetric ones, and for most of
the nonlinear processes. Targeted engineering of the relative strengths of various pathways within each (nonlinearly
produced) multipolar mode may then alow an interferometric cancellation of the generated field for a given nonlinear
process, for certain respective directions of the fundamental beams.

We further consider a physical implementation of the suggested approach using purely symmetric dimer structures
made of non-magnetic materials. We develop the retrieval procedure identifying the effective magneto-electric hyper-
polarizabilities and use it to predict the parameters allowing a non-reciprocal directionality of nonlinear generation in
such geometry. We confirm these predictions numerically using COMSOL Multiphysics [www.comsol.com] software



package, demonstrating an excellent agreement for the theoretically-predicted optimal combinations of fundamental
frequencies allowing the manifestation of the phenomena.

Reliance on multipolar interference in the suggested approach inherently assumes the manifestation of the described
phenomena on the nanoscale, through the response of subwavelength-scale elements. These nanoelements can thus be
used as building blocks to construct a metasurface or a medium with similar unique features in its nonlinear response.
Here, we present an example of such a metasurface operating as as one-way nonlinear mirror (Fig. 1).

As follows from the above discussion, in addition to the manifestation of a magnetic dipolar (or higher-order mul-
tipolar ) mode in the linear response, both non-reciprocal directionality of nonlinear generation and inhibition of the
nonlinear response require a careful engineering of the respective strengths of various pathways within each (electric
or magnetic) type of the nonlinearly produced multipolar partial wave. As such, these phenomena are not expected to
manifest in natural nonlinear materials, even those possessing natural magnetic dipolar transitions. They, however, can
be achieved via a tailored design of the effective magneto-electric nonlinear polarizabilities of a nanoelement.
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Fig. 1. One-way nonlinear mirror. (a) Metasurface geometry and excitation configuration. (b) An
image of the line source at frequency ω2 is produced via DFG at frequency ω3 = 148 THz on the
right side of the metasurface, independently of the source location on the left or right. The yellow
line shows schematically the metasurface location.)
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