Lecture 11: Introduction to
nonlinear optics |.

Petr Kuzel

Formulation of the nonlinear optics: nonlinear polarization
Classification of the nonlinear phenomena

» Propagation of weak optic signals in strong quasi-static fields (description
using renormalized linear parameters)

= Linear electro-optic (Pockels) effect

<= Quadratic electro-optic (Kerr) effect

<= Linear magneto-optic (Faraday) effect

== Quadratic magneto-optic (Cotton-Mouton) effect

* Propagation of strong optic signals (proper nonlinear effects) — next lecture



Nonlinear optics

Experimental effects like

« Wavelength transformation
* Induced birefringence in strong fields

» Dependence of the refractive index on the field intensity

etc.




Nonlinear polarization

Taylor expansion of the polarization in strong fields:
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Linear electro-optic effect
(Pockels effect)

Strong low-frequency field E, (renormalization of optical constants due
to second-order susceptibility)

Propagation of a weak high-frequency optical field E in such a
disturbed linearized medium

P =€oXiE; +Xi(ji)(EjEkS + EkE;'S)




Pockels effect: continued

Description using deformations of the indicatrix

We define the reciprocal dielectric tensor:
Ky = e 1}1

Indicatrix in the system of the principal dielectric axes:

X2 2 Z2




Indicatrix In electro-optics

Reciprocal dielectric tensor is renormalized due to external field:

KL SN = = i --- Pockels electro-optic tensor

Deformed indicatrix:  KjjXxix; =1

Ky X2 + Ko, y? + Kisz? + 2K ,xy + 2K Xz + 2K b, yz =1




ik = Tk

Pockels tensor

Intrinsic symmetry: related to the fact that €; is a hermitic tensor:

For symmetric tensors Voigt notation can be introduced:

indices (ij)
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Pockels effect: cubic media

In cubic non-centrosymmetric media (GaAs, InP, GaP, CdTe, ZnTe...):
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Example: Ellc

2 2 Z2
+— +2ryExy =1
n® n° n

Rotation by 45° in the xy plane will diagonalize the equation:

X=é(n+é) n=é(><+y)




Example: E//c, continued
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Example: E // (1,1,0)

2 2 2

;( + zz + :]2 +-/2r,E yz+-/2r,E xz =1

1) Rotation by 45° in the xy plane (as previously); new variables &, n

2 2 2
iz + :2 + :]2 +2r,Enz =1

2) Rotation by 45° in the nz plane; new variables n’, z’
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Electro-optic modulation

quarter-wave
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Quadratic electro-optic effect
(Kerr effect)

Kerr effect can be of a great importance in the media where the Pockels
effect vanishes (centrosymmetric media):

P =€oXiE; +Xi(j?<)l (EjEkS Ey + EkEjSEIS + EIEjSEkS)
Ei- = 3Xi(j3;<)l E EP
The same treatment can be used as for the linear Pockels effect; the
following differences should be emphasized:

e itis a 39 order nonlinear effect (the electric field should be very strong)

e it Is a quadratic effect in E, so the induced birefringence is proportional
to An LI(E>)?

« the effect depends on a 4" rank tensor, so the symmetry properties are
different comparing to the linear EO effect



Magneto-optic effects
(Faraday, Cotton-Mouton)

The polarization, and consequently, the permittivity can depend on the
magnetic field:

P =€oXiE; e +Xi(j?<)IEjEkEI +hi§i)BkEj +hi§aBlBkEj

ijk =]




Faraday effect

€ij (B) = hiﬁﬁ) By

€ij (B): Eji (‘B): S?i (B): 85(_3)

These conditions are similar as for the spatial dispersion and the optical
activity

The tensor hy Is




Effect of a longitudinal field

Cubic non-centrosymmetric medium

Wave equation:

e —n®  iAB ogEEXH
0-iAB ng-n®* 0LFE,FO
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Effect of a transverse field

Wave equation:

}g-nz 0 0 }EEXH
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Eigenvalues:
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