Nonlinear magneto-optics

Linear and nonlinear optical susceptibilities
Tensor formalism

Second harmonic generation:
SHG and a symmetry of a medium
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

F=—1/2[x;;(@)E;(w)E/ (w) + x;;(w)E{ (w)E; (w)]

Polarization in a medium: P/(w) = — OF; = Xij(w)E;(w)
Dielectric tensor: Eij({u) =1+ Xij ({U)

Properties of linear optical susceptibility (transparent medium)
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Linear and nonlinear (magneto-)optical susceptibility

Free energy expressions for a linear magnetic medium

F = —Re[y;;(w)E;(w)E; (w) + xiji(w)E; (w)E; (w) M (0) + -]

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

Properties of linear optical and magneto-optical susceptibility
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Linear and nonlinear (magneto-)optical susceptibility

Free energy expressions for a nonlinear nonmagnetic medium
—_— s F * &
F = —Re [Xijk(maj Wy, m;)Ei (w5 )Ej (wy)Er(wqg) ]
ﬂ]g — {UE + ﬂ)l
Properties of nonlinear optical susceptibility (transparent medium)
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Second harmonic generation

Free energy expressions for a nonlinear nonmagnetic medium
F = —Re[y;ix(w3; wy, w )E{ (w3)Ej(wq)Ep(wq) ]
W] = Wy; W3 = 20

Nonlinear polarization in a medium:

dF
P.(2m) = — = Xijx Cw; ,0)E;(w)E;: (o)

JE;
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E 3-photon coherent process

Ground state ((D) Not a 2-photon absorption!
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Origin of SHG

No inversion symmetry
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Asymmetric potential for an electron
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Linear response
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SHG in crystalline quartz

Crystalline SiO Am
ry{Quartz} 2

Polarization at a frequency 2w

P(2w) = 7"’ E(w)E(w)

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

sSi o0 & . *éi

Trigonal crystal Symmetry operators:
Point group: 32 1,3, 2J_.(3)

XXX — d

P Yyx =yxy = xyy = —xxx = —a
XYZ = —VYXZ;, XZY = —YZX,ZXY = —ZYyX



SHG in crystalline quartz

Crystalline SiO
W{Quartz} 2

eSi @0

Trigonal crystal
Point group: 32

E(m) R

z

Polarization at a frequency 2w

P(2w) = 7"’ E(w)E(w)

Refer to the Birss tables
[R. R. Birss,
Reports on Progress in Physics 26, 307 (1963)]
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3-fold axis 6-fold polarization
dependence of SHG



First experimental observation of SHG in crystalline quartz

VoLuME 7, NUMBER 4 PHYSICAL REVIEW LETTERS August 15, 1961

pp. 118-119 GENERATION OF OPTICAL HARMONICS®

P. A. Franken, A. E. Hill, C. W. Peters, and G. Weinreich
The Harrison M. Randall Laboratory of Physics, The University of Michigan, Ann Arbor, Michigan
(Received July 21, 1961)

SHG 347.2 nm

Ruby laser 694.3 nm

M a8 3¢ 37 3 45 20 35 60 70 75 80
lm+|p|r4I|n|||nrl||n||n|Irn|h||||nmulnuﬁnlnﬁf| Lolololelr] II!Il|l||1ll!lfll|1|llllhllMlﬁmllllHlHIrll!lli\illlllﬂ

FIG. 1. A direect reproduction of the first plate in which there was an indication of second harmonic. The

wavelength scale is in units of 100 A, The arrow at 3472 A indicates the small but dense image produced oy the
second harmonic. The image of the primary beam at 6943 A is very large duc to halation,




Magnetic SHG

»SHG in magnetically-ordered medium

Electric-dipole SHG in noncentrosymmetryc magnetic media

»Magnetic-dipole SHG

Beyond the electric-dipole approximation

»SHG in antiferromagnetic domains



SHG in a magnetic medium

In noncentrosymmetric medium only!

PQw) = P"E(w)E(w) + #"*E(w)E(w)M(0)

polar i-tensor axial i-tensor

polar c-tensor

PQw) = ?*E(w)E(w) + 73 (M)E(w)E(w)

Electric field/ polarization Magnetic field/ magnetization
+0O P,E A M H
- O : i

Polar i-vector Axial c-vector

Time-invariant Time-noninvariant

Non-invariant under Invariant under

the spatial inversion operation the spatial inversion operation 11



SHG in magnetic medium

In noncentrosymmetric medium only!

PQw) = P"E(w)E(w) + #"*E(w)E(w)M(0)

polar i-tensor axial i-tensor

polar c-tensor

PQw) = ?*E(w)E(w) + 73 (M)E(w)E(w)

Crystallographic SHG Magnetic SHG
Transparent AL n _ :
medium: X isreal XY  isimaginary

[Qw) = [(X"*)* + [X"*M(0)]*]I?

There is no interference between crystallographic and magnetic contributions

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



SHG in magnetic medium

In noncentrosymmetric medium only!

PQw) = P"E(w)E(w) + #"*E(w)E(w)M(0)

polar i-tensor @ axial i-tensor
_ polar c-tensor
PRw) = y""E(w)E(w) + 7°°(M)E(w)E(w)

Crystallographic SHG ‘ Magnetic SHG

P

Absorbing Both X are complex

medium:

[(2w) = [(X%)? + (27*M(0))? + 23 2~*M(0)cos(Aq@)]I?

Interference term
Sensitivity to the reversal of magnetizatligon!



SHG in a ferrimagnetic iron garnet film
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SHG in centrosymmetric media

PQ2w) = ¥"*E(w)E(w) + #*3*(M)E(w)E(w)

(Virtual) Excited state — e - = — -
Conduction band

E(m) b :> Electric-dipole SHG

A PQ2o) | M(20)
Ground state  E(®) P—> Magnetic-dipole SHG

Valence band e — e P
MQ2w) = 7°E(w)E(w)
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SHG in centrosymmetric antiferromagnet NiO

Nzt 3 3d-transitions of Ni 2* ion in the crystal field
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Axial tensor (MD-SHG):

XYZ = ZXy = yZX = a T, > T,

0 C,3 is the magnetic-dipole transition

X7 xzy = yxz = zyx = —a
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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 Cr,0,

= = : ( SHG image

[1oTd]

180° antiferromagnetic domains!

Breaking symmetry due
to antiferromagnetic order
Magnetic ED-SHG

+

Crystallographic MD-SHG

Magnetic point group is 3m [PRL 73, 2127(1994)] 18



