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1. Control Experiment 

 

 

FIG. S1 Metacrystal sample with C2 rotation symmetry. (a) Measured 
transmission spectra for the gold metacrystal showing the localized surface plasmon 
polariton resonance of the gold nanorods for illumination with horizontal (H-) 
polarized light in the near-infrared range. The transmission for vertical (V-) 
polarized light does not show any plasmon mode in the same spectral range. (b) 
Scanning electron microscopy image of the gold nanorods with C2 symmetry. The 
width of the nanorods are w = 50 nm, the lengths are d=290 nm, and the thickness of 
gold is: t = 30 nm (scale bar: 400 nm). 

For the control experiment, we fabricate metacrystals made of gold nanorods with C2 

symmetry but without PFO coating (C2 w/o PFO). For normal light incidence the linear optical 

properties of the samples are characterized by measuring the polarization dependent transmission 

spectra using Fourier transform infrared spectrometry (Fig. S1a). The localized surface plasmon 

polariton resonance for H polarization is at ~ 1170 nm with bandwidth of ~ 100 nm. 

We compared the THG intensity of the C2 metacrystal sample with the C2 sample that is 

covered by the thin PFO film in order to determine the enhancement of the THG signal due to 

the PFO. The nonlinear measurements were performed using the light from a femtosecond TiSa-

laser pumped optical parametric oscillator (repetition frequency: 80 MHz, pulse duration: 

~200 fs, averaged power: P = 60 mW).Due to the fabrication tolerances the C2 sample without 

PFO has a slightly shorter resonance wavelength at 1170 nm. Therefore, we used three different 

wavelength for comparison: λ=1170 nm, λ=1220 nm, and λ=1250 nm. The shortest wavelength 

corresponds to the resonance frequency of C2 metacrystal without PFO coating (C2 w/o PFO), 
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the second is for non-resonant resonant excitation of both C2 samples, and longest wavelength is 

close to the resonance wavelength of C2 metacrystal with the PFO coating (C2 w PFO). The spot 

size of the fundamental pulses is around ~ 50 µm in diameter. The THG signal from the samples 

is detected by a TE-cooled charge coupled device (CCD) camera attached to a grating 

monochromator.  

 
FIG. S2 Measured THG spectra from the C2 metacrystal. First, second and third 
columns correspond to THG spectra from the C2 w/o PFO, C2 w PFO, and the bare 
PFO film on a glass substrate. The excitation wavelengths are at λ= 1170 nm 
(resonant excitationfortheC2 sample without PFO layer), λ= 1220 nm (non-resonant 
excitation for both C2 samples), 1250 nm (nearly resonant excitation for the C2 
sample with the PFO layer). All spectra are measured for horizontal polarized 
incident light, and the relative intensity are normalized to the maximum THG value 
for the C2 with PFO at 1250 nm. 

 

As shown in first columns of Fig. S2, one can see that the intensity of the THG signal 

from the pure gold C2 metacrystal (w/o PFO) layer is decreasing from 4.2% to 1.2% when the 

excitation wavelength is tuned from the plasmon resonance frequency (λ=1170 nm) of gold 

nanorod to non-resonant wavelength (λ=1250 nm); in comparison the THG signal (second 

column of Fig. S2) from the C2 metacrystal with the PFO (C2 w PFO) increases when the 

excitation wavelength becomes close to the plasmon resonance wavelength (λ=1250 nm) of this 
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sample. In the observed spectral range, the THG from the bare PFO film has almost the 

comparable intensities as that from the C2 w/o PFO device. However, the combination of the 

gold nanorods and the PFO thin film drastically improves the efficiency of the THG signals even 

the excitation wavelength is slightly away from the plasmon resonance frequency. As discussed 

in the main text, this is mainly attributed to the near-field enhancement effect in the vicinity of 

gold nanorods. Hence, the THG signal obtained from the hybrid samples is strongly increased 

compared to the metacrystals without the PFO layer. 

 

2. Derivation of selection rule in the 2D plasmonic metacrystals 

Due to their deep subwavelength thickness, the plasmonic structures can be considered as 

a single layer of nonlinear dipole moments. For an incident light of circular polarization σ along 

+z direction at the fundamental frequency, the electric field is expressed as,

0 0ˆ ˆ ˆ( ) / 2x yE E e E e i eσ
σ σ= = +

r
% % , where 1σ = ±  represent the state of left or right handed circular 

polarizations. Each nanostructure, together with the nonlinear medium in close vicinity of the 

structure where the field is strongly enhanced, forms a local nonlinear dipole moment. The mth 

harmonic polarization is expressed as, 

                                          , , ( )m m m m
mp p p Eω ω σ ω σ σα−≡ + =
rtr r r             (1) 

where mαt  is the mth harmonic nonlinear polarizability tensor of the nonlinear antenna, and the 

nonlinear dipole moment is decomposed into two in-plane rotating dipoles ,mp ω σr and ,mp ω σ−r . 

Under a coordinate rotation of 2π/n, where n is the order of rotational symmetry of the structure, 

both the incident light and the nonlinear dipole moments acquire a spin dependent geometric 

phase due to the rotation spin coupling,  

               2 / , , 2 / , , 2 /e ,      e ,    ei n m m i n m m i n
T T TE E p p p pσ σ πσ ω σ ω σ πσ ω σ ω σ πσ− − −= = =
r r r r r r    (2) 

where TEσr , ,m
Tp ω σr , ,m

Tp ω σ−r  are the electric field and the two nonlinear circular dipole moments 

after the coordinate transformation, respectively. After coordinate rotation, the nonlinear 

polarizability αm is unchanged due to the n-fold rotational symmetry of the structure, and 

therefore the nonlinear dipole moments are given by 

       , , ( )m m m
T T m Tp p Eω σ ω σ σα−+ =

rtr r                        (3) 
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which, in combination with Eq. 2, leads to 

   , 2 / , 2 / 2 /( )m i n m i n m i m n
mp e p e E eω σ πσ ω σ πσ σ πσα− −+ =
rtr r   (4) 

The selection rule for the nonlinear polarization can be obtained by comparing Eq. 4 with Eq. 1,  

   
,

,
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r                               (5) 

Equation 5 is equivalent to the selection rule in bulk crystals, i.e. the allowed orders of nonlinear 

harmonic generation are given by m = (nl+1) for the same circular polarization as the incident 

one, and m = (nl-1) for the opposite circular polarization, where l can be an arbitrary integer 

number as long as m is positive. Note that in a bulk crystal, the selection rule cannot be applied 

to the C1 and C2 rotational symmetry because the fundamental wave cannot be maintained to be 

circularly polarized during its propagation inside the crystal. However, this is not an issue in the 

2D plasmonic system investigated here due to the deep subwavelength interaction length. Indeed, 

the above derivation of the selection rule is very general, with n being any arbitrary positive 

integer.   

 

 


