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Abstract

The relation between the dispersions of nonlinear optical susceptibilities
x(“)((o;co,O...O) and x(“_l)(a);(n,o...O) (for electro-optic process) of organic polymeric
materials is studié& based on the premises that the microscopic polarizabilities o, B, 7, §,... are
derivatives of their next lower order polarizabilities, with respect to the effective internal field F
across the polarizable mt-conjugated systems[1], and that these derivative relationships are still
valid when dynamic (frequency-dependent) processes are considered[2]. Electroabsorption

spectroscopy has been used to determine the dispersion of Xﬁ% and X§31)33 of a polyamic acid

salt Langmuir-Blodgett film containing covalently bonded azobenzene NLO chromophores.
The results are consistent with our prediction, and confirm the validity of the derivative

relationships proposed by Marder et al.[1,2]. This LB film also gives appreciable values of
both %} (26pm/v) and Xﬁ)n (2 x107esu).

Key words: electroabsorption spectroscopy, nonlinear optical susceptibility.
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1. Introduction

Organic nonlinear optical materials[3] have received considerable attention for their
potential use in optical communication systems such as in transmission, modulation, switching
and storage of the optical signals. In particular, organic polymeric materials[4,5] offer certain
advantages over conventional inorganic materials including diverse synthetic design (molecular
engineering) to enhance optical nonlinearity, high switching speeds, potential low cost, facile
thin-film processability, and low dielectric properties. Both 2nd order as well as 3rd order
optical nonlinearity of polymeric systems are of interest. Polymeric systems have been
designed to possess optimal second and third order nonlinearities. It is of interest to study the
relationship among different orders of nonlinearity in such systems. It will help to understand
further the laws governing the nonlinear optical properties of polymers and guide in the design

of nonlinear optical polymers with desired properties.

Recently, Marder et. al.[1] have proposed that the microscopic polarizabilities , [, 7,
d,.. are derivatives of their next lower order polarizabilities, with respect to the effective
internal field F across the polarizable m-conjugated systems. They have also developed
frequency-dependent derivative relationships for dynamic process through simulation
calculations of harmonic generations, and the results show that the derivative relationships for
static internal field remain valid when dynamic processes are considered[2]. It is further
proposed in this paper that in electro-optic process, the internal field is under the influence of
probing photon, thus is a function of the probing photon energy F(w). Based on this
assumption and the previous research results, we infer that the electroabsorption spectrum of

d (n-1)

X(") is proportional to d—— (o is the optical frequency of the probing photon), and the
®

extrema in the spectra of real and imaginary part of X(n—l)

(n)

will occur at the optical frequencies

where the corresponding part of ("’ spectrum crosses zero.



Electroabsorption spectroscopy can determine both complex spectra of xﬁ; and

X§31)33- By measuring the signal at the modulation frequency, we can determine the dispersion

of Im(===) (n is the complex refractive index). The real part can then be obtained by
n

Kramers-Kronig relation to determine Xﬁ; Similarly, Xﬁ)m can be determined by measuring

the signal at twice the modulation frequency.

The Langmuir-Blodgett (LB) technique([6] is one of the established techniques to obtain
ordered molecular assemblies. By arranging the chromophores in a noncentrosymmetric

ordering, we can obtain a material with appreciable values for x(z) and x(3).

In part II, the derivative relationships proposed by Marder et al.[1,2] are reviewed, and
the dispersion relationship between x(")(w;m,o,...,O) and x‘""”(w;m,O,...,O) for electro-

optic process is derived. In part III-V, the spectra of Xﬁ; and Xﬁ)33 of a polyamic acid salt

Langmuir-Blodgett film containing covalently bonded azobenzene in the polymer(see Figure 1)
were determined through electroabsorption spectroscopy. The results are consistent with our
prediction, confirm the derivative relationships proposed by Marder et al.[1,2], and show

appreciable values of X(?‘) and X(3).

II. Relation between ¥ (w;®,0,...,0) and x(""l)(m;m,o,...,O)

Let A be the nth hyperpolarizability of a one dimensional nonlinear chromophore,
that is oo = AL, B= 3 Y= AP, §=A%Y etc.. The &t electrons can only move along the
chromophore orientation direction Z. As described by Marder et al.[1], these polarizabilities
are functions of the effective internal field F across the polarizable T-conjugated systems, and
are derivatives of their next lower order polarizabilities, with respect to the effective internal
field F. Thatis:

dA™D(F)

AN (F) =
(F) iF

(IL.1)




This relation can be easily proved by expanding the dipole moment p of the
chromophore as a function of external field E acting on it. Let us suppose that W is in the
chromophore orientation direction Z and it is a function of the local field E, which is
composed of the external field E, and the internal field F along z direction, i.e. E,=E, + F. We

only consider the z component because the perpendicular components can not make the 7
electrons move perpendicular to Z, and we assume that F is independent of the intensity of the

external field E,. We then have:

1 "u(E) pn

W(E, +F) = u(F) + El ——p B (IL.2)

By defining A'™ (F) = % (11.3)

we have: W(E, +F) = w(F)+ % ;1—!7L(")(F)E‘Z‘_ (I1.4)
A" D(E)

and A (F) = which is (IL.1)

dF

Marder et al. have further demonstrated that this derivative relationship is still valid
when dynamic (frequency-dependent) processes are considered[2]. Thus it should also be

valid for electro-optic process.

When we perform an electroabsorption measurement, we use photons to probe the
nonlinear optical property. The internal field observed through the photonic detector is under
the influence of the probing photon (we can not see the uninfluenced internal field). Photons
with different energy interact with the molecular system differently, and cause different internal
fields. Therefore, the effective internal field F should be a function of the probing photon
energy, i.e. F = F(w), where ® is the optical frequency of the probing photon. We assume
further that the dependence of | on ® only comes from the local field E,=E, + F. Then the

dependence of A™-on ® only comes from the internal field F(w).

Therefore, the derivative relation (II.1) could be written as:



d"Y " VF) dF() _ () dF(@)
dw dF do do

(IL.5)

This relationship indicate that the dispersion of the ® derivative of a polarizability is

proportional to its next higher order polarizability.

Let us derive the relation between macroscopic nonlinear optical susceptibilities X("_l)
and X(n) from the microscopic relationship (II.5). The ith component of polarization per unit

volume P coming from this kind of nonlinear chromophore is given by:
P,=N<wE,+F a, > (11.6)

where N is the number of chromophores per unit volume. o.,; is the projection factor from z

‘direction of the molecular coordinate to the ith direction of the laboratory coordinate. < > means
to average over different chromophore orientations. - The external field (optical field and applied
electric field) along z direction comes from the projection of its components in laboratory frame

1,2,3:

3
E, = Yo,B, (IL7)
j=1

Using (11.4) and (I1.7), we have:

(n)

P, =NuF) <o, >+NY, 2 < Oy Oy Oy .0

n=] 0: J1dn

>E. ..E; ..E; (L8)

Zjy 2, Ji Im Jn

where E; is the jmth component of the mth electric field. 0.; - is the projection factor from the

Jmth direction on the laboratory frame to the z direction on the molecular frame.

By comparing with the definition of the macroscopic nonlinear susceptibilities, we

(11.9)




For the case of electroabsorption, the optical field is very weak such that it can not

significantly change the chromophore orientation. Thus o, ~and <0l Ogj ...... o, > are

Zjy
not dependent on ®. Then we can derive the derivative relation for the macroscopic nonlinear
susceptibilities from the relationship for microscopic nonlinear susceptibilities (IL.5):

(n=1)

A7) (@;0,0,......0) dF(@) <Oz Ogj Oy | >

- (n) . -
=ny. . (0;0,0,...0 (IL.10
do Xii, ) dO <Oy Oy e Oy > )
From above equation, we can see that
(0= (-
®;®,0...0 dF(®
iy ) e ™ (000,0...0) D) (IL11)
do dm
dF(w) . . . . .
If is a smooth real function, then the extrema in real and imaginary part of

do

x(“_l) will occur at the position (in ® ) where the corresponding part of x(n) is zero, provided

that x(n_l) and x(“) are generated by the same one dimensional chromophore. The following

experiment will confirm this prediction.

- III Experimental Details

80 bi-layers of a polyamic acid salt Langmuir-Blodgett film containing covalently

bonded azobenzene NLO chromophore(fig 1.) was formed on an indium tin oxide(ITO)-glass

‘ substrate. The polymer film was asymmetrically transferred with transfer ratio of 1 in the
} upstroke and a small transfer ratio of 0.3 during the downstroke. The thickness of this 80
i bilayer film is 965 ,‘i An aluminum electrode(SOO/g) was deposited on top of the LB film.
An oscillating electric field (f= 1KHz, V p-p=25.5V ) was applied to the sample. A beam of

polarized light coming from a tungsten lamp through a monochromator was incident normally

the output intensity I, was detected by a lock-in amplifier set at the electrical modulation

——

|
|
on the sample. The electroabsorption signal Al ¢ and A12 £ which is defined as the change of



frequency (f) and twice of the electrical modulation frequency (2f) respectively. The sign of

Al ¢ and AI2 ¢ were determined by comparing the amplified signals from the lock-in amplifier

and the reference signal from the function generator simultaneously on an oscilloscope. The
d.c. output intensity I (without the electric field) was measured at each optical frequency. A
| computer was used to synchronize the change of wavelength of the monochromator and the
data reading of the lock-in amplifier. The experimental setup is shown in Figure 2. The

measurements were performed from wavelength of 470nm to 730nm for both f and 2f signal.

Al Al
The results of fI and 2f1 are shown in Figure 3. The dispersions of the real and

imaginary part of the complex refractive index n = n + iK of this LB film were measured by

an ellipsometer and a UV-visible spectrometer, and are shown in Figure 4(a) and 4(b).

IV. Theoretical background of Electroabsorption

i (2 2 3 3 2) _,Q2) _
This film shows c...,, symmetry: X1} = X35 » X{13s = X523 » Xiss = X513 =0 , and -

xg)33 = x(231)33 = 0. The polarization for normal incidence is given by:

P=[1+4n(y(y + 207 (@:0,00B, + 3%} (00,0,00E%) [E o (Iv.1)

where 2 and 3 denote the permutation of the fields[7,8]. E,, = E,.cos(2xft) is the applied

electric field, E., is the optical field.

The optical field E,; sees the effective complex refractive index fi g , which is given

by:
2 = 1+ 4n(} +2x(3 (;0,0)E,. + 3y (5 (@;0,0,0)E2, (1v.2)
We have:

2080 = 47 2x{73(0;®,0)E, o cos(2mft) + 27 3x{3);(w;0,0,0)E2 y[cos(2m 2ft) +1]  (IV.3)




where Of =i — D is the change of the complex refractive index due to the applied electric

field. The amplitudes of its f and 2f component are then given by:

253 (0;0,0
8ip = 2n ML @O0 (IV.4)
n
. 3x(3), (;0,0,0)
8iyp = moAI132 E2, (IV.5)

n

The relative change of the transmitted light intensity is given by:

% =22 m(Sh)e, (IV.6)
C

where t, is the thickness of the film.

Then we have the amplitude of the relative change of the transmitted light intensity

detected at frequency f and 2f:

Al

‘“fi =- 2%Im(6ﬁ Pty =- 4n%tkEaCO 2Im[x3)'] (IV.7)
Al

( Tf - _%’.tkEacO 20m[x %] for SI Units )

ALy

® ~ ) 2 3
and =— 2: Im(8fip )ty =- 2n:tkE c0 3Im{y g’} V-8

where x(z) and x(3) are given by:

(3)

(2)
2 _ X1~13 and x(e3fg. _ X1r1133 (IV.9)

Xett =

(IV.7) is consistent with the result of reference [9], and (IV.8) is consistent with the

result of reference [10].

The dispersions of Im[ng)'] and Im[xfffz'] are obtained through the measurement of

. . Al Al (2), (3), :
the dispersions of 1 and 1 > and the real parts of Xeff and Xoff &€ determined

by Kramers-Kronig relation[8,11] :



(D '

Rel[x 2" (0)]= = j > Im[ ' (@')] (IV.10)
Re[‘Xg?'(CO)]——J @ do FIm[x &) ()] Iv.11)

where ®, and , are initial and final optical frequencies respectively.

(2) (3)

Thus the complex spectra of Xef and Xeff are determined. The dispersions of

Xﬁ; and Xl 133 are subsequently determined from (Iv.9).

V. Results and Discussion

The results are shown in Figure 5 and 6. We can see that this LB film gives

appreciable near resonance values for both 2nd and 3rd order nonlinear optical susceptibilities

(%13 ~26pmsv, xﬁ>33~2 %10 esu).

From the dispersions of Im[)(l | 3] and Im[x{3};], we can see that the maximum of

Im[! 13] is close to the position where Im[X1133] crosses zero. The two extrema of

Re[!%}] are also close to the two zero points in Re[x 3}, 1. These behavior are consistent

dxP () _ dF(w)
dw

with the prediction that 1P (@) ——

We can also see from these spectra that Im[xﬁ)33]>0 in the region where

dIm[y ) dImlv(2) A
md[})fl 13] 0( n(li[(ﬁln] >0 ), and that Im[xﬁ)33] <0 in the region where [X113]
dim{y{3}] o |
(——==<0). The real parts of these spectra have the same behavior. Thus we can infer
that dF(®)

> ( throughout the range of the measurement.




The relation between x(l) and X(z) is not relevant here, because contribution to X(I) is

from all segments of the polymeric material, while x(z) and x(3) are dominated by the

nonlinear azo chromophore.

VI. Conclusion

The dispersion relationship (IL.11) between the nonlinear optical susceptibilities

¥ (©;®,0......0) and %"V (@;0,0......0) (for electro-optic process) generated by the same
one dimensional chromophore for organic polymeric materials is derived. The dispersions of

xﬁ; and Xﬁ>33 of a polyamic acid salt Langmuir-Blodgett film containing covalently bonded

azobenzene NLO chromophore were determined by electroabsorption spectroscopy. The
experimental results are consistent with our prediction (II.11), and confirm the validity of the
derivative relationships proposed by Marder et al.[1,2]. This LB film also gives appreciable

near resonance values of both Xﬁ; and X§31)33

Acknowledgments: Ke Yang would like to thank Prof. Xiaogong Wang for interesting
discussions. Partial financial support from ONR and a teaching assistantship from University

of Massachusetts Lowell are gratefully acknowledged.

References

1. S. R. Marder, C. B. Gorman, F. Meyers, J. W. Perry, G. Bourhill, J. L. Bredas, B. M.
Pierce, “A Unified Description of Linear and Nonlinear Polarization in Organic Polymethine

Dyes”, Science, Vol. 265, 1994, p632.

2. F. Meyers, S. R. Marder, B. M. Pierce, and J. L. Bredas, “Electric Field Modulated

Nonlinear Optical Properties of Donor-Acceptor Polyenes: Sum-Over-States Investigation of

pae g



the Relationship between Molecular Polarizabilities (o, B, and y) and Bond Length

Alternation”, J. Am. Chem. Soc. 1994, Vol. 116, p10703.

3. J. Zyss, “Molecular Nonlinear Optics, Materials, Physics, and Devices”, Academic Press,

Inc., (1994).

4.J. Zyss, D. S. Chemla, “Nonlinear Optical Properties of Organic Molecules and Crystals”,
Academic Press, Inc., Vol. 1 and 2, (1987).

5. P. N. Prasad, D. J. Williams, “Introduction to Nonlinear Optical Effects in Molecules and

Polymers”, John Wiley & Sons, Inc. 1991.
6. G. Roberts, “Langmuir-Blodgett Films”, Plenum Press, N.Y ., (1990).
7. R. W. Boyd, 1992. Nonlinear Optics. Academic-Press Limited, London.

8. N. Butcher and D. Colter, 1991. The Element of Nonlinear Optics, Cambridge University

Press.

9. J. Bradshaw, M. E. Orczyk, J. Zieba and P. Prasad, Electrochromism in Absorbing
Optically Second-Order Nonlinear Media, Nonlinear Optics, 1994, Vol. 8, pp. 151-156.

10. Ke Yang, Wdohong Kim, Jayant Kumar, Lian Li, Sukant Tripathy. “Determining the

dispersion of X(S) of polydiacetylene films by electroabsorption spectroscopy”, Accepted by

Optics Communications.

11. A. Alping and L. A. Coldren, Electrorefraction in GaAs and InGaAsP and Its Application
to Phase Modulators, J. Appl. Phys. Vol. 61, 1 April 1987, pp. 2430-2433.




Figure Captions
Figure 1. The molecular structure of the polyamic acid salt deposited as a LB monolayer.

Figure 2. The experimental setup for electroabsorption studies. ‘

Figure 3. Relative change of the detected intensity AI% and Mz% .

Figure 4. (a) The dispersion of the real part of refractive index; (b) The dispersion of the

imaginary part of refractive index.

Figure 5. The dispersion of xﬁ%(co;(x),O) . Uncertainty: +0.8pm/v for the real part,

+0.26 pm/v for the imaginary part.

Figure 6. The dispersion of x§31)33((1);0),0,0) . Uncertainty: 1.0 X 1072 esu for the real part,

+2.0 %107 esu for the imaginary part.
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Figure 2. Experimental setup of electroabsorption.




Figure 3. Relative change of detected intensity Al/I.
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Figure 4(a). The real part of refractive index.
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Figure 4(b). The imaginary part of refractive index
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Figure 5. Dispersion of 3?3
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Figure 6. Dispersion of (333
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