
Nonlinear magneto-optics

Second harmonic generation:
SHG and a symmetry of a medium
SHG in magnetically-ordered media

Linear and nonlinear optical susceptibilities
Tensor formalism

SHG in magnetically-ordered media
SHG of the electric- and magnetic-dipole origins
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Linear and nonlinear (magneto-)optical susceptibility

Free energy expressions for a linear nonmagnetic medium

Polarization in a medium:

Dielectric tensor:

Properties of linear optical susceptibility (transparent medium)

Hermitian tensor

in nonmagnetic medium

Dielectric tensor:

Real 
and symmetric 
tensor

2



Linear and nonlinear (magneto-)optical susceptibility

Free energy expressions for a linear magnetic medium

Properties of linear optical and magneto-optical susceptibility

Crystallographic contribution Magnetic contribution contribution
(Faraday and MO Kerr effects)

Real symmetric Imaginary  antisymmetric
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Linear and nonlinear (magneto-)optical susceptibility

Free energy expressions for a nonlinear nonmagnetic medium

Properties of nonlinear optical susceptibility (transparent medium)

in nonmagnetic 
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in nonmagnetic 
medium

•Polar i-tensor of 3rd rank
•Nonzero only 
in noncentrosymmetric
medium
•Real

P, E

-

+

Electric field/ polarization

Polar i-vector

Time-invariant

Non-invariant under 
the spatial inversion operation



Second harmonic generation

Free energy expressions for a nonlinear nonmagnetic medium

Nonlinear polarization in a medium:
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Ground state
Valence band

E(ω)

E(ω)

Electric-dipole SHG

P(2ω)

(Virtual) Excited state 
Conduction band

3-photon coherent process
Not a 2-photon absorption!



Origin of SHG

No inversion symmetry

Asymmetric potential for an electron

Dissipation Anharmonic
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Dissipation Anharmonic
restoring force

Solution:

Linear response

SHG

Resonance conditions



SHG in crystalline quartz

Polarization at a frequency 2ω

Refer to the Birss tables 
[R. R. Birss, 
Reports on Progress in Physics  26, 307 (1963)]

Trigonal crystal
Point group: 32 1, 3z, 2 |.(3)

Symmetry operators:
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First experimental observation of SHG in crystalline quartz

pp. 118-119

Ruby laser 694.3 nm
SHG 347.2 nm
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Magnetic SHG

Magnetic-dipole SHG

SHG in magnetically-ordered medium

Electric-dipole SHG in noncentrosymmetryc magnetic media

Beyond the electric-dipole approximation
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SHG in antiferromagnetic domains



SHG in a magnetic medium

polar i-tensor

polar c-tensor

axial i-tensor

In noncentrosymmetric medium only! 

Electric field/ polarization Magnetic field/ magnetization

P, E

-

+ M, H

Electric field/ polarization Magnetic field/ magnetization

Polar i-vector Axial c-vector

Time-invariant Time-noninvariant

Invariant under 
the spatial inversion operation

Non-invariant under 
the spatial inversion operation 11



SHG in magnetic medium

Crystallographic SHG Magnetic SHG

polar i-tensor

polar c-tensor

axial i-tensor

In noncentrosymmetric medium only! 

Transparent 
medium:

Crystallographic SHG Magnetic SHG

is real is imaginary

There is no interference between crystallographic and magnetic contributions

No sensitivity to the sign of the (anti-)ferromagnetic vector 12



SHG in magnetic medium

polar i-tensor

polar c-tensor

axial i-tensor

Crystallographic SHG Magnetic SHG

In noncentrosymmetric medium only! 

Absorbing 
medium:

are complexBoth 

Crystallographic SHG Magnetic SHG

Interference term
Sensitivity to the reversal of magnetization!
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SHG in a ferrimagnetic iron garnet film

[111]

GGG substrate

YIG film

Cubic in a bulk form (no SHG)

Crystallographic 
SHG

+magnetic  
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The thin (111) film:
Trigonal system
Point group: 3m (z||[111])

+magnetic  
SHG

P (2ω)|| y

E (ω)|| y

[111]

[PRB 63, 184407 (2002)]



SHG in centrosymmetric media

Ground state
Valence band

E(ω)

E(ω)

Electric-dipole SHG

Magnetic-dipole SHG

P(2ω) M(2ω)

(Virtual) Excited state 
Conduction band
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ED MD c-tensori-tensor
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SHG in centrosymmetric antiferromagnet NiO

O2-

Ni2+ 3d-transitions of Ni 2+ ion in the crystal field

Cubic crystal (NaCl sturcture)

3Γ2 →  3Γ5 

is the magnetic-dipole transition

Zero-phonon lineCubic crystal (NaCl sturcture)
Point group: m3m

Polar tensor (ED-SHG):

Axial tensor (MD-SHG):
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SHG in centrosymmetric antiferromagnet NiO

3d-transitions of Ni 2+ ion in the crystal field
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SHG in an antiferromagnet Cr2O3

SHG image
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180o antiferromagnetic domains!

Breaking symmetry due 
to antiferromagnetic order
Magnetic ED-SHG
+ 

Crystallographic MD-SHG

Magnetic point group is 3m
[PRL 73, 2127(1994)]


