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Fig. 1. Schematic energy diagrams of important non-
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linear optical processes: (a) Secondharmonic gener-
ation (SHG); (b) third harmonic generation (THG);

(c) nondegeneratefour-wave mixing (FWM).
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Fig. 2. Nonlinear photonic metasurfaces: (a) Examples

of plasmonic metasurfaces for second harmonic generation

(SHG)43:46]; (b) plasmonic (left) and dielectric (right)

metasurfaces for third harmonic generation (THG)[?3:67];

(c) electrically tunable SHG and THG in graphene nanois-
lands!™]. w, frequency; E, electric field; ITO, indium tin

oxide.
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Fig. 3. Nonlinear optical circular dichroism: (a) Schematic illustration of nonlinear circular dichroism for second harmonic
generation (SHG) in a bulk nonlinear chiral material; (b) three-dimensional nonlinear chiral meta-atom displaying simulta-
neously strong linear and nonlinear chirality due to its broken 3D mirror symmetry[loﬂ; (¢) scanning electron microscopy
image of a chiral metasurface that gives rise to very strong nonlinear but weak linear circular dichroism[los]; (d) a plasmonic
metasurface for nonlinear chiral watermarking(10%]; (e) trisceli-type chiral metasurface showing strong SHG chirality for
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Fig. 4. Nonlinearmetasurfaces for phase control: (a) Nonlinear photonic metasurface consisting of split-ring res-

LCPSHG f&%

onator meta-atoms [45]; (b) THG from a nonlinear metasurface based on geometric Berry phase meta-atoms, the
spatially varying orientation of the meta-atoms results in a continuous phase gradient for the THG signal, leading
to a deflection of the nonlinear beam!116l; (c) metal/quantum-well hybrid metasurface exhibiting a Berry phase
for SHGIM17]; (d) phase control of FWM in plasmonicmetasurfaces!118].  x(2) | effective nonlinear second-order

susceptibility; w, frequency; k, wave vector.
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Fig. 5. Nonlinear geometric phase elements Nonlinear phase elements with one-, two-, three- and four-fold rotational

symmetry (C1—C4): (a) The relative phases of the SHG, (n = 2) waves from a C; symmetric meta-atom are 6 and

30 (green arrows), the relative phases of the THG, (n = 3) waves are 20 and 46 (purple arrows); (b) SHG from a

C2 symmetric structure is forbidden, hence only the relative phases for the THG are observed, 26 and 46; (c) for a

C'3 meta-atom the THG is forbidden, and the relative phase of SHG, with opposite circular polarization compared
with the incoming wave, is 36; (d) SHG from C4 meta-atoms is forbidden, and the relative phase of the THG, with

opposite circular polarization, is 46.
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Fig. 6. Nonlinear beam shaping and holography: (a) Diffraction of second harmonic generated (SHG) signals from a

metasurface made of split-ring resonator meta-atoms[lgﬂ; (b) artistic depiction of a nonlinear THG hologram obtained

using V-shaped meta-atoms[138]; (c) nonlinear metasurface hologram for circularly polarized light, the local Berry phase in

the nonlinear polarization results from the orientation of the split-ring resonator meta-atoms(139, w, frequency; LCP, left

circular polarization; RCP, right circular polarization.
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SPECIAL ISSUE—Diffraction limit of electromagnetic waves

Nonlinear photonic metasurfaces
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Abstract
In linear optical regime, many novel optical functions have been demonstrated by using ultrathin photonic metasur-
faces. The main concept of metasurface is to appropriately assembly the spatially variant meta-atoms on a subwavelength
scale, and realize the manipulations of polarization, phase and amplitude of light. Recently, the nonlinear optical prop-
erties of photonic metasurfaces have attracted a lot of attention. In this review, we discuss the design, material selection,
symmetry consideration of the meta-atoms, as well as the applications such as nonlinear chiral optics, nonlinear geo-
metric Berry phase and nonlinear wavefront engineering. Lastly, we point out the challenges and potentials of nonlinear

photonic metasurfaces for manipulating the light-matter interactions.
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