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Figure 8—Experimental apparatus
for measuring nonlinear absorption
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Figure 9—Transmittance plotted as a function of log irradiance
for indanthrone and indanthrone-based reverse saturable absorb-
ers. Wavelength of incident beam is 1064 nm.
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Figure 10—Transmittance plotted as a function of log irradi-
ance for indanthrone and indanthrone-based reverse saturable
absorbers. Wavelength of incident beam is 532 nm.

line)" and urea.?** SHG takes place in these materials
because of the highly nonlinear polarizabilty of the -
bond structure and the asymmetrical charge distribution
associated with donors and acceptors in the molecule.
The polarizability for any substance is
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where P is the macroscopic polarization. The first term
on the right is the linear polarizability associated with
linear refraction; the second (which vanishes for optically
isotropic materials) is responsible for SHG in anisotropic
crystals; and the third is responsible for four-wave mix-
ing effects, photorefraction, and optical bistability. In
these terms, ¢, is the permittivity of free space, E is the
electric field strength, and x is the dielectric susceptibility.
For SHG, x; is a third-rank tensor of the form x3”.
The second-order nonlinear term then takes the form

P = ex3) EYEY, jk=123. (9

The numerical values of the tensor coefficients are usual-
ly represented by the letter d and are functions of fre-
quency and temperature. The units of x,-(ﬁ‘;” are different
from those of the first-order linear susceptibility term
xi”. The first-order term is a dimensionless ratio,
whereas the second-order susceptibility tensor has units
of inverse electric field strength (meters per volt in the
meter-kilogram-second system).?

Organic molecules can be adapted to molecular engi-
neering. An example of such a molecule is 2-methyl-4-
nitroaniline (Fig. 11a), which consists of a nitro (NO,)
acceptor group and an amino (NH,) donor group sepa-
rated by a conjugated ring system. This molecule is easily
polarized, has a high degree of charge transfer, and is
thus an excellent material for SHG. Presence of the
methyl group was necessary to assure a noncentrosym-
metric crystal structure.

Another well-known material that has received con-
siderable attention for some time is urea, which has the
structure shown in Fig. 11b. Urea is often the efficiency
standard against which other organic compounds having
nonlinear optical characteristics are compared—a con-
vention we retain here.

The potential SHG materials were tested using the
well-known powder-susceptibility measurements first
used by Kurtz and Perry.? In their technique a pow-
dered sample is placed in a cuvette and irradiated by
pulses from a Nd:YAG laser operating at a wavelength
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Table 3—Organic

materials for second-harmonic generation.

Chemical Name Structure SHG Efficiency
Relative to Urea
2-nitrobenzaldehyde CHO *
NO,

3-nitrobenzaldehyde®

4-nitrobenzaldehyde

3-cyanobenzaldehyde

4-cyanobenzaldehyde

4-nitrobenzaldehyzle
hydrazone®

3-nitrobenzaldehyde
hydrazone

2-nitrobenzaldehyde
hydrazone

4-nitorbenzaldehyde
phenylhydrazone

3-nitrobenzaldehyde
phenylhydrazone

2-nitrobenzaldehyde
phenylhydrazone

1-naphthaldehyde
phenylhydrazone

1-pyrenecarboxaldehyde

phenylhydrazone

1-naphthaldehyde
hydrazone

benzaldehyde
hydrazone
3-cyanobenzaldehyde

phenylhydrazone

3-nitrobenzaldehyde
methylhydrazone

4-nitrobenzaldehyde
dimethylhydrazone

4-nitrobenzaldehyde
methylhydrazone

*Only preliminary data are available for these compounds.

'See Ref. 1.
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0.001 x
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0.001 x
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(a) NO,
2-methyl-4-nitroaniline (MNA)
CH;
NH,
®) © CH=N—NH,
Urea
H,N NH, O,N 4-nitrobenzaldehyde
hydrazone
@ CH=N—NHCH, CH=N-NI(CHs),
O,N O,N
4-nitrobenzaldehyde 4-nitrobenzaldehyde
methylhydrazone dimethylhydrazone

@ CH=N— NH @
O,N

4-nitrobenzaldehyde phenylhydrazone
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©
e@@

1-pyrenecarboxaldehyde
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1-naphthaldehyde
phenylhydrazone

Figure 11—Chemical structure of several organic materials used
for second-harmonic generation.

of 1064 nm (w). If the powdered sample is a material
suitable for SHG, light at twice the fundamental frequen-
¢y (2w) will be emitted by the sample (i.e., wavelength
of 532 nm). Because the powdered sample contains crys-
talline grains that are randomly oriented crystallographi-
cally, the emitted second harmonic is weak but easily
detectable by electron-multiplier phototubes.

Efficient SHG requires large biaxial or triaxial crystals
so oriented that the fundamental frequency propagates
as an o-ray and the harmonic propagates as a e-ray, or
vice versa. (An o-ray, or ordinary ray, is the ray where
the refractive index does not vary with crystallographic
direction; an e-ray, or extraordinary ray, is the ray where
the refractive index varies with crystallographic direc-
tion.) The crystal orientation is adjusted so that the o-
ray (1064 nm) and e-ray (532 nm) propagate at the same
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speed. Thus, power is coupled from the fundamental to
the harmonic as the two waves propagate in phase
through the crystal. Meeting this condition is known as
phase matching. The powder method is also used to test
whether a material can be phase matched by measuring
the total second-harmonic output (532 nm) while the
crystallite size of the powdered sample is varied. Phase-
matchable materials will show an increase in the second-
harmonic output with crystallite size that saturates once
the coherence length of the fundamental and harmonic
frequencies is exceeded. Materials that cannot be phase
matched show an increase in second-harmonic output
as crystallite size is increased toward the coherence
length, and then show a sharp decrease in second-har-
monic output as crystallite size is increased beyond the
coherence length. The crystallite size at which the de-
crease occurs is typically a few micrometers. Some ma-
terials, even though they have acentric electron distribu-
tions and net dipole moments, often crystallize in a cen-
trosymmetric crystal system. Despite the centrosymmetry
in such instances, these molecules can be ‘‘poled” or
aligned by an electric field in a polymer that has been
heated above the glass transition temperature (7,) to
produce a noncentrosymmetric solid that, when cooled
below T, will exhibit SHG.?

We have also investigated a class of compounds that
has received little attention since the initial investigation
in 1977 by Davydov et al.?* The prototype compound
of the series is 4-nitrobenzaldehyde hydrazone (NBAH),
shown in Fig. 11c. The compound, synthesized by reac-
tion of 4-nitrobenzaldehyde with hydrazine, was first
reported by Davydov et al. to have a powder efficiency
2.5 times that of urea. Unexpectedly, we observed much
higher powder efficiencies, up to 10 times that of urea.
As a result, we synthesized derivatives of NBAH to de-
termine whether the SHG powder efficiency could be
enhanced and whether there are similar molecules with
high SHG powder efficiencies. The methyl and dimethyl
derivatives of NBAH (shown in Fig. 11d) were synthe-
sized in much the same way as the NBAH. Although
these materials are chemically similar to NBAH, they
exhibited lower SHG powder efficiencies that are 0.001
to 0.05 times that of urea. Experiment thus shows that
minor chemical changes can result in significant changes
in the arrangement of molecules within the crystal, often
resulting in decreased SHG powder efficiency. The com-
pound 4-nitrobenzaldehyde phenylhydrazone was synthe-
sized by the same method and has the structure shown
in Fig. 11e, but this compound showed an SHG powder
efficiency about 0.5 times that of urea. The efficiency
would be much greater except that the compound is sig-
nificantly absorptive at 532 nm.

We have also made hydrazone derivatives of large
conjugated ring systems such as naphthalene and pyrene
(Fig. 11f). These compounds do not exhibit much charge
transfer, because their aromatic ring systems donate
weakly, but both have greater SHG powder efficiencies
than urea. Table 3 lists many of the hydrazone deriva-
tives of various aromatic aldehydes that have been syn-
thesized along with their respective SHG powder effi-
ciencies referenced to that of urea.
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CONCLUSION

Our research is continuing in an effort to synthesize,
modify, and characterize new organic molecular materi-
als for nonlinear optical applications that include bistable
optical switching, using an organometallic complex; op-
tical limiting and processing, using organic dyes that ex-
hibit reverse saturable absorption; and second-harmonic
generation, using organic crystalline materials. The re-
sults of our research should provide new materials that
will significantly advance the field of nonlinear molecular
materials.
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