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SHG	at	the	Nanoscale	
nanoparticle used in the present configuration allows a direct
comparison with theoretical simulations obtained with finite
element method (FEM).20 In particular, the SH intensity
polarization pattern of a single gold metallic nanoparticle is
used to further ensure that a single particle is observed and
assess the nature of the SH fields in terms of the multipolar
plasmon excitations.

The experimental setup was designed as follows. A mode-
locked Ti:sapphire laser tuned to a wavelength of 794 nm
and delivering pulses of about 180 fs at a repetition rate of
76 MHz was used as the laser source. The average output
power was set at about 300 mW right after the laser exit.
The fundamental beam was focused into a quartz cell with
a microscope objective (×16, NA 0.32) and a red filter was
placed in front of it to remove any residual light at the
harmonic frequency generated prior to the cell. The cell
position with respect to the laser focus was controlled by
three micrometer-resolution translation stages (Newport,
MFA-CC). The SH intensity collection was performed at right
angle with a 25 mm focal length lens with a numerical
aperture of 0.5. A blue filter was placed before a monochro-
mator to remove the fundamental light. The detection was
made with a cooled photomultiplier tube and the fundamen-
tal beam was chopped at 130 Hz to enable a gated photon
counting regime allowing the removal of the background
photons. The sketch of the setup can be found in ref 22. The
aqueous solutions of the gold nanoparticles, the average
diameter of which was about 150 nm, were purchased from
BBI International and used as received. The gold nanopar-
ticles were dispersed in a gelatin matrix (BLOOM 250, 8%).
The gelatin matrix was obtained by raising the temperature
of a water-gelatin mixture beyond the critical temperature
at about 70 °C for 20 min and then cooled down to 4 °C for
12 h in the quartz cell with the particles. Gelatin is transpar-
ent at the wavelengths of excitation at 794 nm and SH
emission at 397 nm and possesses a weak SH efficiency as
required in order not to dwarf the SH signals from the gold
nanoparticles.

The sample scans were carried out perpendicularly to the
incident fundamental beam direction in order to obtained
two-dimensional (2D) maps of the SH intensity versus cell
position; see Figure 1. The heterogeneous spatial distribution
of the SH intensity reveals areas with low (Zone 1) and high
(Zone 2) intensities. The SH intensity from Zone 1 corre-
sponds to the signal recorded for neat gelatin, that is, without
particles, indicating that the low-intensity areas are com-
posed exclusively of gelatin. In Zone 2 however, the SH
intensity is significantly increased. This is attributed to the
presence of the gold metal nanoparticles in this zone. To
reject the possibility of other origins like gelatin inhomoge-
neities, broadband emission spectra of Zones 1 and 2 were
recorded; see Figure 2. Two distinct features are observed,
a narrow peak at 397 nm corresponding to the SH intensity
and the onset of a broadband background with an increasing
intensity toward longer wavelengths attributed to the gelatin

multiphoton excited luminescence. This broadband lumi-
nescence background is identical in the two Zones 1 and 2
to that obtained from a neat gelatin sample without particles.
Gelatin inhomogeneities are therefore not responsible for the
large intensity recorded in Zone 2. One therefore concludes
that the high intensity areas are related to the presence of
the gold metal nanoparticles. This conclusion is further
supported by the broadband emission spectrum obtained
for an aqueous solution of these gold metallic nanoparticles,
where almost no photoluminescence is observed.

The nonlinear efficiency of the gold metallic nanoparticles
can be obtained by subtracting the SH intensity of the neat
gelatin area, Zone 1, from the high intensity one, Zone 2;
see Figure 2. The gelatin matrix can be used as an internal
reference to determine the quadratic hyperpolarizability of
the 150 nm diameter gold nanoparticles. For this purpose,
the SH intensity scattered from a neat water cell and
obtained under the same experimental conditions was used
as an external reference for the neat gelatin. The refractive
index of the gelatin, estimated either form a simple averaged
value based on the water/gelatin molar ratio or from the shift
of the surface plasmon resonance wavelength of the gold
particles dispersed in water with respect to the resonance
wavelength of those dispersed in gelatin, was found to be

FIGURE 1. Two dimensional map of the SH intensity at 397 nm
obtained for 150 nm gold nanoparticles embedded in gelatin by
scanning the sample perpendicularly to the beam direction with 10s
acquisition time per pixel. The two circles correspond to Zone 1 and
Zone 2 as discussed in the text.

FIGURE 2. Emission spectrum from the zones 1 and 2 shown in
Figure 1 for an excitation at 794 nm and 80 s acquisition time for
each data point (left axis) and emission spectrum of 150 nm gold
nanoparticles in solution (right axis).
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1.36 as compared to 1.33 for pure water. This allows the
neglect of any changes in the reflection conditions at the cell
surface and any modification of the beam waist size and
position in the cell. The SH intensities obtained for neat
water and neat gelatin can hence be directly compared. The
SH intensity of neat gelatin was found to be 2.5 times larger
than that of neat water. The intensity radiated at the
harmonic frequency for gelatin in the presence of the
metallic particles can therefore be written as

where Cw and !w ) 0.56 × 10-30 esu23 are the concentration
and quadratic hyperpolarizability of water, respectively. !part

stands for the quadratic hyperpolarizability of a single gold
nanoparticle and Iω,part for the fundamental intensity of the
fundamental beam illuminating the gold nanoparticle. Note
that the response of the particles and that of the gelatin
background have been summed up incoherently in eq 1.
This is allowed owing to the random orientations and
positions of the gelatin molecules across the laser beam,
leading to an intrinsically incoherent response as observed
Hyper Rayleigh Scattering.24 There is therefore no interfer-
ence between the particle and the background responses.

There are two major difficulties in eq 1. (i) One has to
determine properly the integral ∫Iω

2 dV of the squared
fundamental intensity over the focused beam to determine
the gelatin internal reference and (ii) one has to know
precisely where the gold nanoparticle is located with respect
to the fundamental beam waist. These two difficulties must
be overcome simultaneously in order to take into account
the fact that the gold particle, because of its small size, does
not probe to whole cross-section of the fundamental beam
but rather only a small portion of it. To address the first
difficulty (i), 2D maps were recorded for 300 nm diameter
fluorescein-doped latex particles. With the input fundamen-
tal beam wavelength fixed at 794 nm, these particles exhibit
a strong two photon-excited luminescence leading to the
same squared dependence of the fluorescence intensity with
the fundamental beam intensity. The spatial autocorrelation
of the 2D fluorescence maps were compared with simple
calculations taking into account a random distribution of the
fluorescent particles and a Gaussian beam with various waist
sizes w0. The best agreement was found for a beam waist of
w0 ≈ 5 µm. Using this value as an input parameter, the
integral ∫Iω

2 dV was easily computed. The second difficulty
(ii) is more difficult to handle since the present method
cannot determine the exact position of the gold particle
along the beam propagation direction. A simple scan of the
sample along to the fundamental beam direction could be
used to determine that the particle position in this direction.
However, the Rayleigh length l) πw0

2/λ ) 140 µm associated
with the fundamental Gaussian beam is too long to perform

this experiment without misalignment of the focus. Instead,
2D SH maps in different locations in the sample were
recorded and from the highest intensity, corresponding to
positions of the particle in the or very close to the beam
waist, a quadratic hyperpolarizability !part ) (1.0 ( 0.15) ×
10-23 esu was measured. This value is in excellent agree-
ment with ensemble measurements where a value of 〈!part〉
) (1.1 ( 0.1) × 10-23 esu was obtained.8 In the latter case,
the brackets stand for the size, shape, and orientational
average owing to the ensemble nature of the measurement.

In order to obtain a deeper understanding of the nonlin-
ear optical nature of the signals collected at the single
nanoparticle level and confirming that a single particle is
observed, the SH intensities of the vertically polarized
harmonic field from Zones 1 and 2 were measured as a
function of the input polarization angle of the fundamental
beam. In this case, a zero angle corresponds to the vertical
polarization. As shown in Figure 3a, the SH intensity from
Zone 1 exhibits a typical two lobes pattern due to the purely
dipolar contribution from the gelatin matrix. The orientation
and position of the gelatin and water molecules being
random, their response adds up incoherently as it is the case
in Hyper Rayleigh Scattering.24 The obtained pattern corre-
sponds therefore to that of an orientation averaged response
of single gelatin and water molecules. The same measure-
ment in Zone 2 shows a clear deviation from the pure dipolar
response. As for the unpolarized measurements presented
above, this additional contribution can be attributed to the
gold metallic nanoparticle. Polar plots are usually fitted with
the following expression6–8

ISHG ) G∫ (2.5Cw〈!w
2 〉Iω

2 + !part
2 Iω,part

2 )dV (1)

FIGURE 3. Vertically polarized SH intensity from Zone 1 (a) and Zone
2 (b) shown in Figure 1 with 80 s acquisition time for each data point.
The corresponding difference is reported in panel c. For comparison,
the corresponding ensemble measurement is shown in panel d. All
curves are fitted using the expression of the SH intensity given in
the text.

ISHG
V ) aV cos4 γ + bV cos2 γ sin2 γ + cV sin4 γ (2)
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SYNTHESIS AND CHARACTERIZATION 
Gold nanotriangles were synthesized by a seedless method 
described by L. Chen et al. [1] 
 

Sample NT1 NT2 
Content of 
nanotriangles [%] 

50 38,5 

Size of nanotriangles 
[nm] 

32�±9 26±8 Extinction spectra (above) and TEM 
images (right) of obtained solutions. 

THEORETICAL ANALYSIS OF A THREE-MOLECULE SYSTEM 
For the theoretical analysis, we assumed a D3h geometry (right) 
with size a, considering first hyperpolarizability elements βzzz, 

associated with each of the tips. 
We simulated right-angle polar plots (left) for small (a, 0 nm edge 

length) and big (b, 100 nm edge length) nanotriangles, vertical 
(blue) and horizontal (red) output polarization.  

EXPERIMENTAL DATA 

Scheme of the principal of the 
HRS method. 

The samples were excited by a 800 nm Chameleon (Coherent, Inc.) laser beam. First of all, the signal was 
measured for different dilutions of the same sample to obtain the first hyperpolarizability β mean value. The 
signal was measured as well outside of the SHG signal to substract the luminescence influence. In order to 
check the presence of retardation effects, polar graphs of vertically and horizontally polarized output signal 
were obtained.  

Polar graphs of the horizontally (a) and vertically (b) polarized output signal of the NT1 sample. 

NT1  NT2  
<β> 

[esu] 
1,87∙10-26 1,69∙10-26 

ξV  0,11 0,04 
DV  0,39 0,44 
ξH  0,04 0,02 

Parameters obtained for the samples: 
the mean hyperpolarizability value <β> [2], 
depolarization ratio Dv [3] and retardation 
parameters ξv [3] and ξH [4]. 
In order to calculate the first 
hyperpolarizability value, following 
assumptions were done: 
-gold nanotriangles have the bulk 
crystallographic form of gold (fcc) 
- the mean volume of gold nanotriangles was 
calculated from the mean value of edge 
length 
-the mean volume of nanospheres was 
calculated from the mean value of diameter 
-a nanosphere and a nanotriangle require the 
same number of gold particles 

Mathematical formula (left) 
[2,3,4] used to obtain the 

parameters. „s” is the slope of 
dependence of the signal on the 

gold nanoparticles’ 
concentration, index „s” refers 
to the sample, „w” to water. Iv 
and IH represent vertically and 
horizontally polarized output 

signal, respectively. 

Modélisation 32 Points 
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Applications	:	(Bio-)Sensing	



Etats	Comprimés	

€ 

IHRS =G Nsβs
2 + Ncβc

2 (I(ω ))2

Applications	:	Mesure	
	(Bio-)Capteurs	
	Métrologie	
	Imagerie,	notamment	médicale	

Imagerie	Quantique	Fantôme	



SHG	and	SPDC	from	Single	Optically	Trapped	Nanoparticle		

2024	



Optical	Trapping	of		
57	nm	Diameter	Lithium	Niobate	NP	

SHG	Intensity		
following	control	of	NP	position	

Applications	:	 	(Bio-)Sensing	(Thèse	AUFRANDE	2024-2027)	
	 	 	Optical	Communications	(ANR	MetaTrap	2022	–	2026)	



Spontaneous	Parametric	Down	Conversion	
(SPDC)	



Travaux	Pratiques	
Master	de	Physique	Fondamentale	et	Appliquée		
UE	Mécanique	Quantique	(M1)	
UE	Optique	Quantique	et	Optique	Non	Linéaire	(M2)	

TP	 	Optique	Non	Linéaire	
TP 	Statistique	de	Photons	
TP	 	Génération	Paramétrique	



Optique	Non	Linéaire	:	 	Génération	de	Second	Harmonique	
	 	 	 	 	Statistique	de	Photons	

Accord	de	Phase	
Franges	de	Maker	

Détection	2ω	:	 	Observation	SHG	
Détection	ω	: 	 	Observation	Statistique,	Compression	



Optique	Quantique:	 	Génération	Paramétrique	(SPDC)	
	 	 	 	 	Interférométrie	de	Hong-Ou-Mandel	(HOM)	
	 	 	 	 		

Figure 2 : Première esquisse du montage expérimental 


