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Nonlinear optical properties of glass



NLO properties  Active Optical functionalities!

Phase and Amplitude (electro) optical modulation

Frequency generations

Signal amplification



Nonlinear optical properties of glass

• Introduction non linear optics

• Third order optical response and glass chemistry

• Second order optical response in glass



With ω being the pulsation of the electromagnetic field 
also equals to 2πν (ν being the frequency),
ω.t a time-dependent phase term and k.r a space-
dependent phase term. k is the wave vector that
indicates the direction of light propagation, it is equal to 
2πn/λ (n being the refractive index, λ
being the wavelength).

α the molecular first order polarizability or linear 
polarizability

induced microscopic/molecular dipole moment μ

N the number density and f a local field factor

𝜒(1) the linear susceptibility

1st Linear optic

induced macroscopic polarization



Non Linear optical response

At the microscopic/molecular level

At the macroscopic level

Example of second order polarizability and susceptibility tensor



For SHG Ej=Ek



Poled glass/polymer:            symmetry  

Quartz: D3 symmetry  

2nd and 3rd order optical responses … effect of the material symmetry



2nd and 3rd order optical responses … effect of the material symmetry

For a centro symmetric material, there is a center of inversion. This symmetry implies that:

Neumanns Principle: a symmetry operation must leave the sign and intensity of a physical property unchanged

So combining all we obtain:

c(2)=0
For a centro symmetric material







Second Harmonic Generation

2w
c(2)(-2w;w,w)



SHG
SFG (Sum Frequency Generation
DFG (Difference Frequency Generation)

c(2)(-w3;w1,w2)
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Characterization method: Second order optical susceptibility c(2)

The Maker fringes technique

Second Harmonic Generation c(2)(-2w;w,w)



Examples of PPLN  systems: Periodically Poled LiNbO3

Needs for Harmonic Generation applications



NLO Source of intricate photons !





Electro optical effect / Pockels effect Electro optical modulator

Pour rappel:



Nature photonics 2019 Example of a photonic circuit for quantum computation

Integrated photonics





c(3)(-w; w,w, w)

Optical Kerr effect / non linear optical index

P(3)# c(3)(-w;w,w, w).E0eikr-iwtE0e-ikr+iwtE0eikr-iwt

P(3) # (c(3)(-w;w,w, w).E0
2)E0eikr-iwt

E0eikr-iwt     E0



All-Optical Switching and Logic
An optical beam can control the phase or amplitude of another.
Applications: optical logic gates, all-optical switches, optical multiplexers.

Michael Eisenstein, Photonics Spectra 2020



Raman Gain





Communication



SuperContinuum Generation

the generation of a supercontinuum is an interesting infrared source because of its properties
in terms of brightness, tunability and coherence. Supercontinuum is the spectral broadening
obtained as a result of the non-linear propagation of an optical wave in a medium.



Origin of the spectral broadening:
In the case of short pulses, SCG in the normal dispersion regime is based on phase 
self-modulation (SPM), four-wave mixing (FWM) and Raman scattering (RS).

Induce a variation of the Phase of the propagating wave: 

Optical Kerr effect: 

And thus modify the frequency (or Wavelenght) of the propagating wave: 



Origin of the spectral broadening:
In the case of short pulses, SCG in the normal dispersion regime is based on phase 
self-modulation (SPM), four-wave mixing (FWM) and Raman scattering (RS).



Origin of the spectral broadening:
In the case of short pulses, SCG in the normal dispersion regime is based on phase 
self-modulation (SPM), four-wave mixing (FWM) and Raman scattering (RS).



SuperContinuum Generation

the generation of a supercontinuum is an interesting infrared source because of its properties
in terms of brightness, tunability and coherence. Supercontinuum is the spectral broadening
obtained as a result of the non-linear propagation of an optical wave in a medium.



Nonlinear optical properties of glass

• Introduction non linear optics
• Characterization methods
• Third order optical response and glass chemistry

• Two important third order optical process for applications:
• Raman Gain
• Supercontinuum generation

• Second order optical response in glass



It has been established that the fast response time 
Kerr effect (1 picosecond) out of resonance is, in a 
first approximation, following the evolution the 
glass polarizability and more precisely the 
polarizability of the anions (F-<O2-<S2-<Se2-)

Considering a specific glass family, it appears that 
the evolution is complex and the impact of the 
glass structure and composition has a huge impact 
on the nonlinear optical responses of the material

Regarding oxides, silicates, phosphates and borates, 
the introduction of alkali and alkaline earth ions by 
forming non-bridging oxygen between the glass 
formers increases the linear and the nonlinear 
indices





PNb9O25

α-NbPO5 

NaNbO3.



2 2 2 2 2
electronic nuclear electrostrictive thermaln n n n n   





Nonlinear optical properties more than 10 times silica can be 
obtained in lone pairs of electron ns2 oxide based compounds.  
It is the case for instance of tellurite glass composition in which 
the tellurium oxide amount can reach 99% of TeO2 . The Te4+

ion occupies a TeO4 disphenoid site where the tellurium ion is at 
the center of a trigonal bipyramid TeO4E in which the electronic 
doublet E form the third equatorial corner. 

The highest nonlinear indices observed in tellurite glass have 
been obtained when the TeO2 is combined with other ions also
having a ns2 lone pair of electrons such as Tl+, Pb2+ or Bi3+.

Glass composition
(Mol%)

Third order susceptibility
c(3) (10-23 SI) ± 20%

90TeO2-10Tl2O 141
90TeO2-10Nb2O5 115
90TeO2-10WO3 97
90TeO2-10Al2O3 78
90TeO2-10Ga2O3 72
90TeO2-10Sb2O4 58

SF59 (lead silicate) 57









Pour terminer avec l’ordre 3 !



Nonlinear optical properties of glass

• Introduction non linear optics
• Characterization methods
• Third order optical response and glass chemistry

• Second order optical response in glass
• Glass ceramic
• Optical poling
• Thermal poling



2nd and 3rd order optical responses … effect of the material symmetry

For a centro symmetric material, there is a center of inversion. This symmetry implies that:

Neumanns Principle: a symmetry operation must leave the sign and intensity of a physical property unchanged

So combining all we obtain:

c(2)=0
For a centro symmetric material



















Figure 17: birefringence micrographs of crystal junctions written inside a LaBGeO5 glass by 
femtosecond laser showing a) independent lattice orientations developed in each branch, b)the 
merging of the two branches back to a single line. The angle of either the fast or slow axis of 

birefringence is indicated by the color wheel. [98]



Nonlinear optical properties of glass

• Introduction non linear optics
• Characterization methods
• Third order optical response and glass chemistry

• Two important third order optical process for applications:
• Raman Gain
• Supercontinuum generation

• Second order optical response in glass
• Glass ceramic
• Optical poling
• Thermal poling



… a free-space second-harmonic mode whose symmetry 
and tensor components were more consistent with an 
internal electric field …



Second-order nonlinear gratings in frequency-doubling fibers revealed by chemical attack and 
observed using a phase-contrast microscope [94] 



Nonlinear optical properties of glass

• Introduction non linear optics
• Characterization methods
• Third order optical response and glass chemistry

• Two important third order optical process for applications:
• Raman Gain
• Supercontinuum generation

• Second order optical response in glass
• Glass ceramic
• Optical poling
• Thermal poling



Eint up to 108-109 V/m

Thermal poling
Electric field + Temperature 

Thermally poled glasses

Charge dissociation 
depletion layer in mobile cations

Eint up to 108-109 V/m



D. E. Carlson
J. Amer. Ceram. Soc. 55-337-1972
J. Amer. Ceram. Soc. 57-291-1974
J. Amer. Ceram. Soc. 57-295-1974
J. Amer. Ceram. Soc. 57-461-1974

G. Wallis, D. I. Pomerantz JAP 40-10 1969

Opt. Lett., 16 1732–1734 (1991).

Anodic Bonding

Poling Mechanisms

During the last century…

Large second-order nonlinearity in poled fused silica
R. A. Myers, N. Mukherjee, and S. R. J. Brueck

Center for High Technology Materials, University of New Mexico, Albuquerque, New Mexico 87131
Received July 15, 1991
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o Electric field induced second order 
optical response

𝝌 𝟐 = 𝟑𝝌 𝟑 𝑬

χ(2) = 0.1 pm/V

Recall, LiNbO3: χ(2) ≈ 60 pm/V
M. Dussauze, T. Cardinal, Springer Handbook. Glass 2019

Second order optical properties in niobate amorphous thin films



Which family of Thermally poled glasses ?

Poling induced c(2) (pm/V) 

From 10-2 to 10

From 10-1 to 2

From 10-1 to 5

SiO2 # 10-1
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Second order optical properties in niobate amorphous thin films

L. Karam Thesis

Opt. Materials 2006



Lipovskii et al. Solid State Ionics- 2010

Micro-imprinting by thermal poling



Electrode
Topology

Surface potential

 0,58 (0,95 NaPO3 + 0,05 Na2B4O7) + 0,42Nb2O5

Micro-imprinting by thermal poling
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Advanced Optical Materials 4 (2016) 929–935



Advanced Optical Materials 4 (2016) 929–935

Micro-imprinting by thermal poling
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Confocal SHG reflectance microscopy, 100X NA=0.9

Radially polarized beam

X-linearly polarized beam
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Geometry control and Micrometric localization  of the SHG response

intE.)3(c3  ) 2(c

Adv. Optical Mater. (2016) 4, 6, 929–935

3-Spatial and geometry control of electro-optical anisotropy
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Anode Electrode

rside1 = − rside2 = 10* ranode

z

x
y

Anode Electrode

rside1

rbulk

rside23 
µm

30
0 

µm
3 µm

ranode = - 5.103 C/m3

Local field enhancement : 
ISHG is two order of magnitude higher 
along the lines!

Charge displacement along the 
anode surface:
Both Longitudinal and lateral 
components of SHG are observed

SIDE EFFECTS INDUCE:

Adv. Optical Mater. (2016) 4, 6, 929–935

3-Spatial and geometry control of electro-optical anisotropy



rside1 = − rside2 = 10* ranode

Adv. Optical Mater. (2016) 4, 6, 929–935

3-Spatial and geometry control of electro-optical anisotropy
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3-Spatial and geometry control of electro-optical anisotropy



3-Spatial and geometry control of electro-optical anisotropy
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Bulk glass synthesis
Liquid to solid in few seconds

~1000 °C to ~20 °C 

Sputtered film
Plasma to solid

~1016 °C/s

Second order optical properties in niobate amorphous thin films

L. Karam Thesis
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SEM 0.7 at.%Na SIMS 10 at.%Na XRD pattern

Poreless, Uniform in depth, amorpous thin films

Tranparent from visible to midIR (0.35~6 µm), high refractive index (2.03-2.19 @1550 nm), Guiding Losses 1dB/cm @1550nm)
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Na rich
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Y

In bulk materials: 
Dussauze et al. J. 
Phys. Chem.- 2007

o Structuring of the sodium concentration following the pattern of the electrode
o Spatial homogeneity of the structural rearrangements
o Polarization mechanisms similar to those observed in bulk materials

2(Nb-O-…Na+)


Nb-O-Nb + ½ O2 + 2e- + 2Na+

Towards cathodeTowards anode

SIMS measurements

Second order optical properties in niobate thin films
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Iω I2ω

Set-up:
Confocal SHG reflectance microscope 
combined with Raman microscope on 
the same spot 0 5 10-5-10
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Response localized on a few microns at the Na 
Rich / Na Poor frontier

Recall: Raman mapping 
of Nb-O-…Na+ band

Mapping of the SHG response
Laser polarization: X-linear

Second order optical properties in niobate thin films



XYZ stage
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Rotation Controlled geometry of the SHG response: 
uniaxial response
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Second order optical properties in niobate amorphous thin films
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Sample orientation

Uniaxial response

LOCALIZATION GEOMETRY

MAGNITUDE

Quantification:
-Quadratic laws
-Reference material LiNbO3 single crystal probed 
along c axis (χ(2)

zzz= 55 pm/V)
-Taking in account Fresnel losses and each 
material’s dispersion

χ(2)= 29pm/V
Highest value ever obtained on amorphous material

Advanced Photonics Research (2021)
Advanced Optical Materials (2020)

Second order optical properties in niobate thin films

L. Karam Thesis






