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Determination of Third-Order Nonlinear
Optical Susceptibilities for Organic Materials
by Third-Harmonic Generation

K. KUBODERA and H. KOBAYASHI
NTT Opto-electronics Laboratories, Atsugi-shi, Kanagawa 243-01, Japan

(Received May 6, 1989; accepted for publication June 5, 1989)

Third-order optical nonlinearities have been evaluated for organic materials in powder, solution, and
film forms, by third-harmonic generation (THG) measurement. Considerations of the effects of THG
interference between film sample and substrate, and of the effect of THG in air, are made for an
accurate x'* evaluation. Several types of monomeric and polymeric materials are examined by this
method.

Keywords: THG Measurement, x®, w-conjugated polymers, polydiacetylene.

1. INTRODUCTION

Recently, much interest has been concentrated on organic materials as third-order
non linear optical materials because some organic materials with conjugated «-
electrons show remarkably large nonlinearities.!> Among several types of third-
order nonlinear optical materials which show intensity-dependent refractive indices,
organic materials have the advantages of very fast response times and low absorp-
tion losses compared to semiconductor materials. These characteristics make or-
ganic materials desirable for use in ultrafast non linear optical devices, such as
optically gated optical switches and optical bistable devices, which will be key
components in future optical systems.>*

For the evaluation of third-order nonlinearities for organic materials, several
methods have been developed, such as degenerate four-wave mixing,>° third-har-
monic generation (THG),”® nonlinear etalon measurement,® waveguide mode ob-
servation,'?!! and etalon spectrum analysis with an applied DC voltage.'> THG
measurement is the easiest method of these, and the efficiency of the coherent
process is easily evaluated without the intrusion of thermal or other absorptive
nonlinear-optical processes.
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This paper describes the evaluation of third-order nonlinear optical susceptibil-
ities for organic materials by THG measurement. The evaluation technique is
applied to various monomeric and polymeric samples in powder, solution, and film
states. Measurement accuracy is best for film samples. To improve further the
accuracy of the film measurement, considerations were made on the interference
effects of third-harmonic waves between the sample and the substrate, or the sample
and air.

2. THG MEASUREMENT SYSTEM

THG measurements were performed at pump wavelength around 1.9 pm using
lithium niobate (LiNbO,) difference-frequency generation between a Q-switched
Nd:YAG laser and a tunable dye laser.'? Since organic materials in this experiment
have absorption edges in the 0.5-0.7 wm wavelength region, this pump wavelength
corresponds to the nonresonant or near-resonant region of three-photon resonance.
Pump pulse duration was 5.5 ns, repetition rate was 10 Hz, and peak pump power
density was 80-200 MW/cm?.

For powder materials, samples were prepared by placing powders to about 1
mm thickness on a microscope slide; these were held by adhesive tape. A particle
size fraction in the range 88—105 um was prepared using standard sieves. Pump
light was allowed to impinge onto the powders through the glass slide. THG ra-
diation backscattered from the powders was collected by a condenser lens. The
intensity of THG radiation passing through an IR absorptive filter was measured
by a photomultiplier and an oscilloscope.

For film materials, samples were mounted on a goniometer and rotated about
an axis perpendicular to the laser beam. THG light passing through the sample
was measured by an IR absorptive filter, a photomultiplier, and a boxcar averager.
THG intensity patterns as a function of incident angle were analyzed to determine
x® values and coherence lengths of the materials. Pump light polarization direction
was adjusted to be parallel to the rotation axis.

Sample solutions were poured into a 1 mm thick glass cell. The setup for the
THG measurement was the same as for film samples.

3. POWDER AND SOLUTION SAMPLE MEASUREMENT

Figure 1 shows THG intensities for some organic powder materials as a function
of pump wavelength. As for powder materials, 4-dimethylamino-4'-nitrostilbene
(DANS),' 4-diethylamino-4’-nitrostilbene (DEANS),'* and para-nitroaniline (pNA)'®
were examined. A powder sample of PTS-polydiacetylene [bis-(p-toluene sulfo-
nate) of 2,4-hexadiyne-1,6-diol], whose x® value has been reported,!” was also
prepared for comparison. Measured THG intensities were normalized by that for
pNA at a wavelength A, = 1.90 pm. THG intensity for PTS decreases with de-
creasing pump wavelength due to reabsorption of the third harmonic wave, cor-
responding to the absorption edge wavelength of A, = 0.65 um. On the other hand,
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FIGURE 1 THG intensity spectra for powder samples of SHG inactive materials.

monomeric materials having a much better transparency in the range 0.6-0.65 pm,
show almost constant THG intensities in this pump wavelength region.
THG intensity of powder samples can be expressed as

L, = 12 {x®P, (1)

where /. is the THG coherence length and x® is the third order susceptibility, both
averaged over the crystal orientations of powder samples. It follows that it is not
possible to determine x values from measured THG intensities without knowing
the averaged [, values for each sample. Relative x® values, simply calculated from
Equation (1) by neglecting the difference in I, values, are summarized in Table I,
for qualitative information.

Figure 2 shows measured THG intensities for powder samples of 2-methyl-4-
nitroaniline (MNA)'® and trans-4'-dimethylamino-N-methyl-4-stilbazolium meth-
ylsulfate (DMSM).! These two samples have activities of second harmonic gen-
eration (SHG) in contrast to the materials in Figure 1. SHG intensities normalized
by that of urea at pump wavelength of 1.90 pm are also shown in Figure 2. It is
characteristic that THG intensities for these samples are much larger than those
for SHG-inactive materials (Figure 1). However, it is reasonable to assume that
measured THG intensities are principally caused by the cascading x® process
(0 + = 2w, 20 + @ = 3w) because SHG and THG spectra in Figure 2 have
very similar patterns to each other. To confirm this opinion, THG measurement
was also performed for the solution state of these SHG-active materials.

Table I summarizes the results of x® evaluation for the above powder and
solution measurements. For solution measurements, 5% (m/m) solutions in di-
methylformamide (DMF) solvent were prepared. The method of x® determination
is described in section 4.1. It is found that SHG-active materials should be rightly
evaluated not by powder THG but by solution THG. It is also clear from Table 1
that monophenyl systems such as pNA and MNA show much lower x® values
than diphenyl systems such as DMSM, DANS, and DEANS.
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TABLE I

Results of x* evaluation for powder and solution samples. Pump wavelength A, = 1.90 pm.

kp= 1.9 ym
xt3 X2y Powder THG  Solution THG'
“’T T w :X\“”( Relative ) X3 (esu)
W
! ol L |20 PNA | 2.6 x10714
w! of MNA (15.2) 2.9x107"
Powder THG DMSM (21.9) 11.8x107'4
) DANS 3.5 -
w} DEANS 5.7 -
wf PTS 10.7* -
wf
+ 5wt % / DMF
Solution THG *at X52.05um
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FIGURE 2 THG intensity spectra for powder samples of SHG active materials.
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4. FILM SAMPLE MEASUREMENT

4.1 Determination of x® values

Figure 3 shows typical examples of THG intensity patterns from film samples as a
function of incident angle. When film thickness / is much larger than THG coher-
ence length (/. of a few micrometers), a Maker fringe pattern is observed [Figure
3(a)], corresponding to consecutive optical pathlength variation. On the other hand,
when / is much less than /., a monotonously decreasing pattern is observed [Figure
3(b)]. Figure 3(c) is the THG intensity pattern from a 1 mm thick silica (5iO,)
glass which is used as the standard sample.

The x® value of the film sample was determined according to the following
simple equations, comparing THG intensity with the standard sample:

X = x5S for I >> 1, o)
X? = Q) x& SIS ,)  for I <<, 3

where I;, and I, ; are THG peak intensities from film sample and standard sample,
respectively (extrapolated maximum value in the case of a Maker fringe), [ and /.
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FIGURE 3 Typical THG intensity patterns as a function of incident angle. (a) a thick film sample:
I'= 290 pm, x® = 3.7 x 1073 esu, (b) a thin fitm sample: / = 0.69 pm, x® = 7.8 x 10~ esu, (c)
standard SiO, glass sample: / = 1 mm.
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are film thickness and coherence length of the sample, respectively, and ., = 18.1
pm and x{* = 2.8 X 10~ esu are /. value and x® value for the standard sample
of 1 mm thick silica glass at A, = 1.90 um, respectively.?’ The refractive index
difference between the film sample and silica glass was neglected in this calculation.
All measurements were made in air at room temperature.

4.2 Consideration of interference effect between film and substrate

Especially for very thin film samples on glass substrates, where glass THG is
comparable to film THG as shown in Figure 4, the interference effect was theo-
retically analyzed as follows.

Third harmonic electric fields from the film and the substrate, illustrated in Figure
5(a), are expressed as

Exg= —(Golnc)xP ESL (I<<L), (4)

E3m,sub = - (m/‘" LY C) XgL E%) lc,sub [exp(l ™ lsub”c,sub) - l]’ (5)

where E, is the electric field of the pump light; n,, x*’, and [ are the refractive
index, third order susceptibility, and sample thickness of the film, respectively;
R X501, and L, are those of the substrate, respectively; and /., is the coherence
length of the substrate. Sample thickness / was assumed to be much less than the

LI 1 T I
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FIGURE 4 THG intensity pattern for a very thin film sample: / = 0.08 pm, x® = 1.4 X 10~ esu,
A, = 1.90 pm.
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FIGURE 5 Analysis of THG interference between film and substrate.

film coherence length (I << /) in this calculation. Total THG intensity [, is given
by

% |Es,p + Esg bl (6)
x Ifilm + Isub Sinz(ﬂ' lsub/2 sub) + (Ifllm sub)ll2 Sln(ﬂ lsub/ sub) (7)

(Ifllm + Isublz) + [( sub + 4lf|lm sub)l/z/zl sm[('n lﬁub/lr sub) ] (8)

where Iy, = X®P P is the THG intensity from the film, I, =
(4/7?){XGLF? B o 1s the envelope of the THG intensity pattern from the glass sub-
strate, and {§ is the phase difference of the fringe pattern. The refractive index
difference between the film and substrate was also neglected in this calculation.
The last term in Equation (7) represents the interference effect between the film
and substrate. The result, expressed by Equation (8), is illustrated in Figure 5(b).

From Equation (8) and Figure 5(b), it is easily seen that calibration can be done
from the following very simple equation:

Ifilm = (Imax + Imin)/2 - Isub/zv (9)

where 1., and [, are envelopes of the superimposed THG intensity pattern.
The ultimate accuracy of this measurement is considered to be {3,/ = 3 x

10~ '3 esu pm, derived from the relation I, = I

sub*
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4.3 Consideration of air effect

It has been pointed out that the THG from air influences the measurement of small
x® materials, such as silica glass,”?! which was used as the standard sample in our
measurement. Although the x® value of air is small, THG from air is not negligible
because of its very long coherence length. This air THG effect was examined
experimentally in our measurement system. Figure 6 shows the measured THG
peak intensities of Maker fringe patterns for a 1 mm thick silica glass as a function
of the surrounding air pressure. In this measurement, a wedge-shaped glass sample
was set at the center of a small vacuum chamber of 75 mm long, and the pump
beam was allowed to impinge on the sample through a glass window. Maker fringe
patterns were obtained in this case by moving the vacuum chamber with a gon-
iometer perpendicularly to the pump beam. Condenser lenses having different focal
lengths were used to focus the pump beam of about 2 mm diameter to a spot of
230 pm in diameter (in the case of f = 50 mm).

As shown in Figure 6, THG peak intensities decrease with increasing air pressure
due to the phase difference of the third-harmonic lights from the sample and air.
However, it is found that a shorter focal length produces a smaller air THG effect.
This is presumably due to the relatively shorter THG active volume of the air. The
intensity difference between vacuum and ambient pressure was less than 10% in
the case of 50 mm focal length, which was the usual case in our experiment.

4.4 Polymer film evaluations

Table 1I summarizes results from the polymer films evaluated using our measure-
ment system. For more detail on these films, consult the References listed in Table
IL

Polymer films doped with nonlinear optical monomeric materials MNA, DANS,
and DMSM are examined. The efficiencies of these monomers were evaluated in
section 3 by powder THG and solution THG measurements. Materials were pre-

Intensity 13,(0c.u.)

1

1
600 800

1 1

1 1
0 200 400
Air Pressure (torr)

FIGURE 6 THG intensities at A, = 1.90 um for standard silica glass measured in a vacuum chamber,
f is focal length of condenser lens.
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TABLE II

Evaluated x® values for several polymer films.

Materials X3 (1072 e5) Afum) Reference
{silica glass) Si02 0.028 (1.90) 20
monomer — doped (2 wt % MNA/PMMA 0.061 (1.90) ~
polymer
0.iwt% DANS/PMMA 0.058 (1.90) -
10wt % DMSM/PVA  0.37 (1.90) -~
monomer — pendant
polymer {azo-benzen ) ~3.2 (1.90) 22
JU - conjugated
polymer [ +)-CH=CH¥; 7.8 (1.85) 23
+LM-CH=CHY 32 (1.85) 2
R\
polydiacetylene +C-C=C-C¥H,
R
solvent - cast film 1.4~5 {1.90) 25
[ vac. deposited film 1 1~380 {1.90) 26-28

pared by dissolving the dopant monomer in methylmethacrylate monomer or vinyl-
alcohol monomer, and by polymerizing the solutions. Films were fabricated by
casting. The x® values of MNA/PMMA and DANS/PMMA were small, resulting
from the small third-order hyperpolarizability of MNA molecules, and the low
concentration of DANS molecules. A relatively large x® value was obtained in
the 109% (m/m) DMSM/PVA sample. A higher concentration of non-linear optical
monomeric material is achieved by substituting azo-dye molecules as side groups
of PMMA or PMA. Monomer concentrations of up to 45% (mol/mol) and x*®
value of the order of 10712 esu were realized by this method.

Amorphous m-conjugated conducting polymers of arylene-vinylenes, such as poly
(p-phenylenevinylene) (PPV) and poly (2,5-thienylenevinylene) (PTV), have po-
tential as large x'® materials. The x® values were determined to be 7.8 x 102
esu and 3.2 X 107! esu for cast films of PPV and PTV, respectively. These
amorphous polymers have the advantages of easy film fabrication and large film
thickness.

Cast films are also available for some polydiacetylenes; however, their measured
x® values are relatively small, as shown in Table II. The largest x* values were
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FIGURE 7 THG patterns of the polydiacetylene film, for parallel and perpendicular polarizations to
the polymer chain axis.

observed in vacuum-deposited polydiacetylene films. Monomer films were prepared
by vacuum deposition onto glass substrates, and the films were then polymerized
by UV-light irradiation. x*® values of vacuum-deposited films ranged widely from
1.1 x 107! esu to 3.8 x 10710 esu, depending on the kinds of polydiacetylene
materials, presumably corresponding to film qualities such as m-electron conju-
gation length and spatial order of polymer chains. The largest x® value was detected
in highly oriented polydiacetylene film having urethane-based alkyl chains of
R = (CH,),OCONH(CH,);CHj; as side groups.

Figure 7 shows THG patterns of the above polydiacetylene film, for pump-beam
polarizations parallel and perpendicular to the polymer chain axis. Fairly large
anisotropy of four orders of magnitude was detected in THG intensities, meaning
two orders of magnitude anisotropy in x® values. THG measurement was a very
good technique in this case to analyze molecular orientation in the crystal.

5. CONCLUSIONS

Methods to evaluate third-order nonlinear optical susceptibilities by THG meas-
urement have been demonstrated for powder, solution, and film samples. Accurate
x® determination was achieved for film samples by comparing THG intensities
with the standard sample, using very simple equations. Several kinds of polymer
films were evaluated by this method to be x® = 10~!? esu for vacuum deposited
polydiacetylene film, 10~ and 10~ '? esu for arylene-vinylene conducting polymers
and monomer-doped polymers, respectively.
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