NONLINEAR OPTICAL CONSTANTS
H. P. R. Frederikse

The relation between the polarization density P of a dielectric
medium and the electric field E is linear when E is small, but be-
comes nonlinear as E acquires values comparable with interatomic
electric fields (10° to 10® V/cm). Under these conditions the rela-
tion between P and E can be expanded in a Taylor’s series

P=cx"E+2xPE* +4x"E* + (1)
where ¢_is the permittivity of free space, while x V) is the linear and
X, x® etc. the nonlinear optical susceptibilities.

If we consider two optical fields, the first E> (along the j-direc-
tion at frequency ,) and the second E,*: (along the k-direction at
frequency ,) one can write the second term of the Taylor’s series
as follows

P(wyw) =2 E B

When o, # o, the (parametric) mixing of the two fields gives rise
to two new polarizations at the frequencies , = , + v, and ©,” =
®, — ®,. When the two frequencies are equal, », = , = ©, the result
is Second Harmonic Generation (SHG): Xijk(2w’ ®, ), while equal
and opposite frequencies, », = ® and w, = - leads to Optical
Rectification (OR): X, (0, o, —w) In the SHG case the following
convention is adoptec{ the second order nonlinear coefficient d is
equal to one half of the second order nonlinear susceptibility

dy =127

Because of the symmetry of the indices j and k one can replace
these two by a single index (subscript) m. Consequently the no-
tation for the SHG nonlinear coefficient in reduced form is d,
where m takes the values 1 to 6. Only noncentrosymmetric crys-
tals can possess a nonvanishing d , tensor (third rank). The unit of
the SHG coefficients is m/V (in the MKSQ/SI system).

In centrosymmetric media the dominant nonlinearity is of the
third order. This effect is represented by the third term in the
Taylor’s series (Equation 1); it is the result of the interaction of a
number of optical fields (one to three) producing a new frequency
®, = ©, + @, + ,. The third order polarization is given by

P, (W, w,05)= g4X/ksz1f' E*Ey
Third Harmonic Generation (THG) is achieved when o, = 0, =

®, = . In this case the constant g, = 1/4. The third order nonhnear
Coefﬁclent C is related to the third order susceptibility as follows:

C Jkm = 1/4x Jkim
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This coefficient is a fourth rank tensor. In the THG case the ma-
trices must be invariant under permutation of the indices &, /, and
m; as a result the notation for the third order nonlinear coefficient
can be simplified to C;n‘ The unit of Cjn is m%V~2 (in the MKSQ/SI
system).

Applications of second order nonlinear optical materials include
the generation of higher (up to sixth) optical harmonics, the mix-
ing of monochromatic waves to generate sum or difference fre-
quencies (frequency conversion), the use of two monochromatic
waves to amplify a third wave (parametric amplification) and the
addition of feedback to such an amplifier to create an oscillation
(parametric oscillation).

Third order nonlinear optical materials are used for THG, self-
focusing, four wave mixing, optical amplification, and optical
conjugation. Many of these effects — as well as the variation and
modulation of optical propagation caused by mechanical, electric,
and magnetic fields (see the preceeding table on “Elasto-Optic,
Electro-Optic, and Magneto-Optic Constants”) are used in the
areas of optical communication, optical computing, and optical
imaging.
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Nonlinear Optical Constants

Material
GaAs

GaP

InAs

ZnSe

B-ZnS

ZnTe

CdTe

Bi,GeO,,

N,(CH,), (hexamine)

LilO,

ZnO

a-ZnS

Cds

CdSe

BaTiO,

PbTIO,

K,Li,Nb,O,_

K,Na ,Ba Nb.O,

0.8

SrBaNb.O

5

NH,H,PO, (ADP)
KH,PO, (KDP)

KD,PO, (KD*P)

KH,AsO, (KDA)

CdGeAs,
AgGaS,

Symmetry
class
43 m
43 m
43 m
43 m
43 m
43m
43 m
43 m
43m
6

6 mm

6 mm

6 mm

6 mm

4 mm

4 mm

4 mm

4 mm

4 mm

42 m

42 m

42 m

42 m

42 m
42 m

Selected SHG Coefficients of NLO Crystals*

dl,m x 1012
m/V
d,=134.1+42
d,=718+123
d, =364 +47
d, =210
d,=784+293
d, =266+17
d,=306184
d, =207+13
d,=922+£335
d,=-8321+84
d, =89.6+57
d,=167.6+63
d, =128
d, =41
d,, = ~7.02
d, =-553+03
d, =586+
0.16

d,=176+0.16
d =193+0.16
d,, =11.37 £ 0.07
d,=373£126
d, =-189+63
d =2137+84
d,=258+16
d, =-131+038
d =144+08
d, =54.5+126
d, =-268+27
d,=68+10
d, =157+18
d _=170+18
d,=75+12
d, =376 £56
d _=333+5
d,=112+16
d, =618+ 128
d =545+054
d, =136+16
d,=113+£33
d, =431+132
d =598+2
d, =053
d, =085
d,, =044
d,, = 047 +0.07
d, =038+0016
d,, =034+ 0.06
d, =037
d,, =043 +0.025
d, =039+ 04
d,, =351 +105
d, =18+27

* These data are taken from References 1 and 2.

A
pm
10.6
1.058
1.058
10.6
10.6
1.058
10.6
1.058
10.6
1.058
1.058
10.6
1.064
1.06
1.06
1.064
1.058

1.058
1.058
1.058
10.6
10.6
10.6
1.058
1.058
1.058
10.6
10.6
1.064
1.064
1.064
1.064
1.064
1.064
1.064
1.064
1.064
1.064
1.064
1.064
1.064
1.064
0.694
1.064
0.694
1.058
0.694
1.058
1.06
0.694
10.6
10.6

Material
AgGaSe,
(NH,),CO (urea)
AIPO,

Se

Te

SiO, (quartz)

HgS

(C,H,CO), [benzil]
B-BaB,0, [BBO]

LiNbO,

LiTaO,

Ag AsS, [proustite]
Ag,SbS, [pyrargerite]

a-HIO,

NO, - CH,NOCH, -
(POM)

Ba,NaNb,O, [Banana]

C,H,(NO,), [MDB]

Gd,(MoO,),

KNbO,

KTiOPO, [KTP]

NO,C H, - NH, [mNA]

C, H _N,O, [MAP]

100 7127 376

(NH,CH,COOH),H,50,

[TGS]

Symmetry
class
42 m
42 m
32

32

32

32

32

32
3m

3m

3m

222
222

mm 2

mm 2

mm 2

mm 2

mm 2

mm 2

d, x 1012
m/V

d,, =374+6.0
d,=13
d, =0.35+0.03
d, =97+25
d, =650 £ 30
d, =0.335
d, =503 +17
d,=36%05
d,, =222 +0.09
d, =0.16 £ 0.08
d,, =344
d, =-595
d,, =276
d,=-164+2

d, =-1.07+02
dy,=+176+02
d,=113%25
d,=180+25
d,=126+4
d,=134+4
d,=515£0.16
d,=64%10
d,=-17.6 %
1.28
d,=-128+
1.28
d, =074
d,=27
d, =178
d,=-0044 +
0.008
d,=+242 %
0.36
d,=-249+
0.37
d,=-19.58 +
1.03
d,=+1134+
1.03
d,=-12.88 ¢
1.03
d, =137
d,=+50
d, =165
d,=1312+128
d,=1.02%022
d, =12.48 +1.28
d,,=10.67 +1.3
d,=11.7%13
d, =235+05
dy,=-035+03

5

d, =032
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pm
10.6
1.06
1.058
10.6
10.6
1.064
10.6
1.064
1.06
1.06
1.06
1.06
1.06
1.058
1.058
1.058
10.6
10.6
10.6
10.6
1.064
1.064

1.064

1.064

1.064
1.064
1.064
1.064

1.064

1.064

1.064

1.064

1.064

1.06

1.06

1.06

1.064
1.064
1.064
1.064
1.064
1.064
1.064
0.694
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Material

NH,H,PO, [ADP]

C,H, [benzene]
CdGeAs,

p-type: 5 x 10" cm™

C,H., [B-carotene]
GaAs high-resistivity

Ge
LilO,

KBr
KCl1

KH,PO, [KDP]

Si p-type: 10" cm™?

NaCl

NaF

NLO process
(-30,0,0,0)

(~3w,0,0,0)

(-30,0,0,0)

(-30,w,0,w)

(—3w,0,0,—-®)
(-30,0,0,~w)
(—3w,w,0,~w)

(-30,w,0,-)
(-30,w,0,~)
(—30,w,0,—0)
(-30,w,0,~)

(-3,0,0,0,~)

(-30,w,0,~)

* These data are taken from Reference 1.

Selected THG Coefficients of Some NLO Materials*

C/,n x 10%°
m?/V-2

C,, =0.0104
C,, =0.0098

C,, = 0.0184 + 0.0042

C, =182+ 84
C,=175

Cyy =35
C,,0.263 £ 0.08
C, =62%31
C,=235+12
C, = 02285

C, =666+ 1
C,, =0.0392
C,/C,, = 0.3667
C, =0.0168
C,/C, =028
C,,-3C,, = 0.04
C, =828+25
C,, =0.0168
C,/C, = 04133
C,, = 0.0035
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pm
1.06
1.06
1.89
10.6
10.6
10.6
1.89
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06
1.06





