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Non-linear optical glasses

Photonic devices like all-optical switches and modulators are examples of non-linear 
optic (NLO) devices which find application in optical communications or optical 
computing.

Optical non-linearities in glass materials may be divided into the main categories of 
resonant and non-resonant. Non-resonant NLO glasses are, e.g., high refractive index / 
high dispersion glasses like heavy flint optical glasses, or heavy metal oxide glasses, or 
chalcogenide glasses. Resonant NLO glasses include semiconductor or metal particle 
doped glasses.  

Stimulated emission (or stimulated Raman scattering) is also an example of NLO 
behavior, which was treated separately before, when dealing with glasses for lasers and 
amplifiers.
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NLO fundamentals

An optical non-linearity is a deviation from the linear relationship between a material’s 
polarization response and the electric component of an applied electromagnetic field. 
Considering a non-magnetic medium (µ ~ µo) where the velocity of light is v,                
n = (ε/εo)1/2 = c/v and the linear polarization is:

P = εo χ E

where χ is the electric susceptibility (and εoχ is the polarizability per unit volume), such 
that:

ε = εo (1 + χ)   

n = (1 + χ)1/2

In the transparency region of a dielectric isotropic material (with no permanent electric 
dipoles) like most glasses, between the ionic (vibrational) and the electronic excitation 
processes, the light frequency is too high for the ionic polarizability to follow the 
electromagnetic field oscillations and too low to resonate with the electronic 
excitations. However, electronic transitions may still take place through multiphoton
processes; e.g., the probability of two-photon absorption will increase proportionally to 
the square of the electromagnetic field intensity.
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The intensity dependence of the absorption and the refractive index (corresponding to 
the non-linear refractive index) of the material is a NLO process.

Another type of NLO behavior is observed in anisotropic materials that have permanent 
electric dipoles, such as non-centrosymmetric crystals and unlike glasses.

In general, unless the motion of the charged particles in a dielectric medium is very 
small, the electric polarization (or dipole moment per unit volume) is given as a power 
series of E:

P = εo χ(1) E + εo χ(2) E2 + εo χ(3) E3 + …

with χ(2), χ(3), … being the non-linear electric susceptibilities of the medium.

If the alternating electric field of light is given by E = Eo exp(iωt), the second order 
term will give a polarization which varies with 2ω, enabling the phenomenon of Second 
Harmonic Generation (SHG), or frequency doubling, while the third order term will 
give rise to frequency tripled light, called third harmonic generation (THG). 

In a centrosymmetric material, opposite directions about the inversion center are 
equivalent, so the polarization must change sign when the optical electric field is 
reversed, which implies that χ(2) must be zero. Although glass is not centrosymmetric, 
it is isotropic and thus χ(2) ~ 0. Only χ(3) is ≠ 0 and may lead to NLO behavior in glass.
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The second order, third order, etc., terms of the electric polarization only become 
significant under high intensity light such as that available from laser sources and the 
values of χ(n) usually decrease rapidly as n increases. However, for centrosymmetric
materials, or isotropic materials like glass, χ(2) = 0 and then only χ(3) is significant.

The intensity dependent refractive index is generally given as:

n = no + n1 E + n2 E2

where no is the linear refractive index, n1 is the Pockel’s coefficient (assumed negligible 
for glass, which is isotropic) and n2 is the so called non-linear refractive index or Kerr 
coefficient (from the optical Kerr effect). Since the intensity of the electric field of the 
light is equal to the square of its amplitude, one can also write: 

n = no + n2” I

In electrostatic units, one also has:

n2 = 12 π χ(3) / no     (or n2” = χ(3) / (εo c no
2)) 

The dominant non-linearity, in this case, is at a frequency well below the glass bandgap
and this effect is called non-resonant.
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(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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It is interesting to note that no and n2 are usually directly correlated, such that low index 
(no) glasses, like certain fluorides and phosphates, have also low n2 and are usually 
important for high power applications like amplifiers in inertia confined fusion 
experiments, to minimize self-focusing and local damage to the optical glass. 

On the other hand, for all-optical signal processing and switching devices, glasses with 
large no (thus large n2) are desirable, including heavy flint optical glasses with high
index and high dispersion.  

ChG’s appear to have the largest non-resonant third order optical non-linearities
reported to date.
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(Adapted from: Optical Materials, J.H. Simmons and K.S. Potter, Academic Press, 2000)
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(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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If a complex non-linear susceptibility is introduced:

χ(3) = Re χ(3) – i Im χ(3)

the imaginary part of χ(3) contributes to a change in the absorption coefficient, such that 
α becomes a function of the light intensity:

α = αo + β I

where β is the non-linear absorption coefficient:

β = (32 π2 ω / c2 no
2) Im χ(3)

In this case, non-linearities are predominantly at frequencies above the electronic 
absorption edge and are thus called resonant.

The values of χ(3) are usually measured by degenerate four-wave mixing (DFWM), by 
the Maker fringe method (THG method), or by the Z-scan method. 

The third order non-linearity (χ(3)) may be explored in phase conjugate mirrors, in 
Mach-Zehnder interferometer pulse selectors or in Fabry-Perot interferometers filled 
with a non-linear medium. The optical Kerr effect can also be used in optical switches.
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NLO devices

(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 1960)
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Non-linear response time
The measured response times of non-resonant NLO glasses have been measured 
between 100 fs and 1 ps.    

The main practical application of non-resonant glasses is in ultra-fast  all-optical 
switches, e.g., ChG fiber switches. 

(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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