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1. Introduction and thesis objectives 

1.1 History and origin of nonlinear harmonic generation 
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1.1.1 Practical applications based on nonlinear optics 



1.1.2 Symmetry and second-order nonlinear susceptibility 
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1.1.3 Phase-matching and quasi-phase-matching conditions 
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1.1.4 Surface properties probed by SHG 
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1.2 SH emission in plasmonic nanostructures 

1.2.1 Surface plasmon polaritons 
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1.2.2 SHG in plasmonic nanoparticles 



(2)

12 23 10 cm /statvolt 13 23.2 10 cm /statvolt
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1.2.3 Wave-front design and state of the art for linear metasurfaces 
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1.2.4 State of the art for the nonlinear metasurfaces 
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1.3 Thesis objectives 



2. Simulation tools, nanofabrications 
and experimental setups 

2.1 Surface integral equation (SIE) method 



 



2.1.1 Linear SIE and periodic SIE methods 
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2.1.2 SH SIE and area-selective nonlinearity SIE methods 
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2.1.3 Fourier transform method 
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2.2 Nanofabrication of plasmonic structures 







2.3 Multiphoton confocal scanning microscope                                                                        



2.4 Angular-resolved setup with Fourier-plane imaging method 

2.4.1 Plane-wave illumination 



2.4.2 Gaussian-beam illumination 







2.5 Summary 
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3. Mechanism of SH enhancement in 
double-resonant antennas 



3.1 Introduction 



3.2 Simulation 

3.2.1 Excited plasmonic mode at linear and SH wavelength 





3.2.2 SH enhancement versus plasmonic resonance 
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second harmonic
quadrupolar mode



3.2.3 Roles of the different elements in double-resonant antenna 





 







 



 

 



3.3 Experimental results 
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3.4 Conclusions 



4. Wavevector-selective nonlinearity 
with three-dimensional nanostruc-
tures 



4.1 Introduction 



 

 
 

 



4.2 Experimental realization 

4.2.1 Wavevector-selective response in tilted Au nanopillars 
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4.2.2 Wavevector-selective nonlinearity 



 

  



4.3 Simulation 







 

 



4.4 Conclusions 





5. Enhanced SH emission in phase-
gradient metasurface 



5.1 Introduction 
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5.2 Anomalous reflection in the linear regime 

5.2.1 Phase design and far-field response 
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5.2.2 Dispersion of excited hybrid surface plasmon wave 

c

This fact indicates that, when the illumination is such that the 
in-plane component of the anomalous reflection wavevector ( 1)k is matched with the one for the hy-

brid SPP(+) mode ( )sppk , the anomalous channel cannot radiate to the far-field but couple to the uni-

directional hybrid SPP(+) wave propagating on the metasurface. 
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5.3 SH emission 

5.3.1 Second harmonic enhancement 





5.3.2 Second-harmonic phase matching 

To explain the observation of dominant +1-order SH emission when the hybrid SPP(+) wave is excit-
ed, it is necessary to consider the conservation of the in-plane momentum wavevector during SHG, as 
for the case of nonlinear reflection from flat interfaces[224, 225]. For a phase-gradient metasurface, 
we need to establish the relationship between the in-plane wavevector component ( )sppk  of the fun-

damental hybrid SPP(+) mode, the metasurface phase gradient 2
x

 and the wavevector of the SH +1 

diffraction order 2
// ( 1)k . Here, the wavevector of the linear hybrid SPP(+) mode ( )sppk is considered 

instead of that of the incident wave, since the excitation of plasmonic modes is known to dramatically 
enhance the SHG. The linear hybrid SPP(+) mode is involved twice in the generation of the nonlinear 
polarization  the SH source  leading to a ( )2 sppk term. However, this ( )2 sppk term is larger than the 

free-space wavevector at the SH wavelength 2
0k : 

0 0
22 2 ,sppk k k

where 0k  denotes the free-space wavevector at the excitation wavelength 800 nm. This is due to the 

additional momentum provided by the phase-gradient metasurface and it prevents momentums con-
servation between the fundamental and SH waves. However, momentum conservation can still be 

satisfied by reducing the momentum by subtracting one grating momentum 2
x

, leading to: 



2
( ) //2 ( 1),

xsppk k

The validity of this equation is numerically confirmed for a 42° illumination angle, as presented in Fig. 

5:7. Please note that although the in-plane momentum d
dx  and grating momentum 2

x
have the same 

quantity in our system, comparing with in-plane momentum which only has +x direction defined by 
the phase gradient distribution, the grating momentum can be multiplied by any integral. In summary, 
while the phase-gradient metasurface provides an in-plane momentum to transfer the incoming light 
into a hybrid plasmonic surface wave, it also plays a key role in the control of the SH emission, since 
the SH reflection angle also depends on the metasurface periodicity. It is worth to mention that, most 
of the nonlinear plasmonic metasurfaces reported so far have achieved the manipulation of nonlinear 
scattering light by solely applying the phase modulation at the nonlinear frequency [86-90, 241, 242]. 
Here, we have realized anomalous SH reflection by introducing the phase-gradient distribution at the 
fundamental wavelength, which can provide an efficient coupling of a unidirectional hybrid plasmon 
wave and result in an anomalous in-plane phase-matching condition for SHG.  
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5.4 Origin of the strong SH enhancement 





5.5 Comparison between the phase-gradient metasurface and binary-
phase grating 
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5.6 Comparison between the phase-gradient metasurface and a thin 
silver film 



5.7 Conclusions 
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6. Conclusions and outlook 
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