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ABSTRACT

In this paper we report the results of studied nonlinear optical properties of DMABI-Ph6 in form of solutions with
chloroform as solvent and guest-host thin films with poly(methyl methacrylate) as host material. We implemented the Z-
scan method for studies of Kerr and two-photon absorption of selected material. During experimental measurements we
used 1064 nm Nd:YAG laser with 30 ps pulse duration and 10 Hz repetition rate. From acquired values of Kerr
coefficients we calculated values for real part of third-order susceptibility, as well as second-order hyperpolarizability.
Acquired data for DMABI-Ph6 were compared with data for other ABI derivatives studied previously to describe how
different donor and acceptor groups influence third-order nonlinear optical properties.
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1. INTRODUCTION

As the demand for bandwidth in telecommunication sector grows, it is essential to find new ways to increase the
efficiency of telecommunication systems. One solution could be substituting existing hybrid system that employs
electrical and optical signal with an all-optical communication system. To step towards this goal we need to design
devices that can transfer, store and process optical information. While former of these devices has already been widely
used in practical applications, both of the later ones are still in development phase. Devices for optical data storage! and
processing? have been demonstrated in scientific papers, yet they are not efficient enough for practical applications. The
key elements for optical data processing and storage are third-order nonlinear optical (NLO) materials that possess
pronounced Kerr effect and two-photon absorption (TPA)3. Both effects manifest as optical property dependence on
optical intensity, where Kerr effect characterises refractive index changes and TPA — absorption changes. Material
selection process for these applications is based on various aspects*: i) large molecular third-order NLO efficiency, ii)
ultrafast NLO response time to acquire high bandwidth all-optical signal processing, iii) low optical losses due to
absorption or scattering, iv) the possibility to retain microscopic NLO properties in macroscopic material forms. In the
latter the main issue is evading any intermolecular interactions that could lead to decreasing of effective NLO properties
of macroscopic material. v) Ability to process material in macroscopic form. One of the main advantages of organic
materials for NLO applications is the possibility to tune the material properties by varying the molecular structure.
Although vast amount of papers have been published regarding structural-property relations of organic materials®7, we
still do not possess enough information to carry out most of material selection process theoretically.

For this research we implemented Z-scan experimental method, as it is one of the most widely used methods for studies
of Kerr and TPA effects®. Main advantages of Z-scan method compared to other methods for NLO studies (degenerated
four-wave mixing method®, nonlinear ellipse rotation method®, Mach-Zehnder interferometer'!) are that it is easy to
assemble, you can study Kerr and TPA effects simultaneously as well as determine the sign of Kerr effect (for example
degenerated four-wave mixing method can measure only the model of Kerr effect coefficient). As nonlinear refractive
index changes can be induced by several different effects — third-order NLO, thermo-optical*?, free charge carrier’ and
other effects — it is essential to choose correct experimental conditions to separate only the specific effects, in this case
third-order NLO ones. It is known, that inducing effects differ by response time®. As third-order NLO effects are of
electronic origin, their response time is significantly faster compared to other effects and can be easily separated by
choosing short pulse lasers with low pulse repetition rate.

In this paper we study 2-(4-(bis(5,5,5-triphenylpentyl)amino)benzylidene)-1H-indene-1,3(2H)-dione (DMABI-Ph6) in
two forms. As thin films of guest-host system, where guest material is our organic compound and host is poly(methyl
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methacrylate) (PMMA) and as solutions with organic compound dissolved in chloroform. Because PMMA does not
possess significant NLO properties it is suitable as host material**. Experimental measurements were carried out using
1064 nm Nd:YAG laser with 30 ps pulses at 10 Hz repetition rate (EKSPLA PL2140 Nd:YAG laser). Acquired results
were compared with previously published results on third-order NLO properties of other aminobenziliden-1,3-
indandione (ABI) derivatives in form of solution and results to better understand different donor and acceptor group
influence on third-order NLO properties'®.

2. EXPERIMENTAL SECTION

In this work we studied DMABI-Ph6 (see Figure 1) in form of thin films and solution. Thin film samples were prepared
using spin-coating method. Firstly, PMMA and organic compound were dissolved in chloroform solution. Solution was
spin-coated onto 1-inch square glass slide. Sample thickness was measured using a profilometer (Veeco Digital
Instruments Dektak 150 Surface Profile Measurement System) and estimated to be d=1556+34 nm. Samples in solution
form were prepared by dissolving organic compound in chloroform. Sample concentration was measured as organic
compound mass over chloroform in percentage and varied from 0.003 % to 0.8 %. This was done so sample would fit
weak nonlinear media model implemented in data analysis process®. Studied samples were contained in 2 mm thick
optical quartz cells.

DMABI-Ph6

2-(4-(bis(5,5,5-triphenylpentyl)amino)benzylidene)-
1H-indene-1,3(2H)-dione

Figure 1: Name and structural formula of studied material.

Sample absorption spectrum was measures using Ocean Optics HR4000 Spectrometer. Acquired spectrum for DMABI-
Ph6é dissolved in chloroform is shown in Figure 2 with peak at 493 nm. From absorption spectrum it is evident that
DMABI-Ph6 does not possess large absorption at 532 nm which suggests that TPA at 1064 nm should not be very
strong?®.
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Figure 2: DMABI-Ph6 molar absorption spectrum.



The description of Z-scan setup used in this work can be found in our previous paper®. For our experimental setup we
used lens with a 11 cm focal length for laser beam focusing. Laser beam waist radius at focus was calculated to be wy=26
um. For closed-aperture measurements we used 1 mm aperture which separated less than 1 % of incident laser beam.
Previously mentioned experimental parameters allow us to implement thin sample approximation for data processing®.

For description of Kerr and TPA effects we used the following formalism. Refractive index n changes due to Kerr effect
can be expressed in the following way:

n:n0+n21, (1)

where ng is linear refractive index of the material, n, is nonlinear refractive index and I is incident light intensity. In case
of TPA we study how materials absorption « changes due to incident light intensity:

(l:(l0+(121, (2)
where ag is linear absorption coefficient and a; is nonlinear absorption coefficients.

One of the most essential aspects of Z-scan method is that one can study Kerr and TPA effects at the same time. This is
done by measuring sample transmittance as function from sample position using two detectors — open aperture and
closed aperture detectors. Open aperture measurement detects only TPA effect influence, while closed aperture detector
measures both Kerr and TPA effects. If both of these effects are present in media, Kerr effect can be separated by
dividing closed aperture data with open aperture data. If Kerr effect is present in NLO media, then sample transmittance
can be expressed as follows:

T(z)=1+4—20 3)

where z is sample position relative to focal point and A®, and zq is parameters defined by following relations:

A(D=kn21Leff
1-eoL

Leff: o , (4)
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zg=——

where wp is beam waist radius at focal point, L is sample thickness and k is the wave number. This theoretical model can
be applied for case of weak nonlinear media, for which |[A®|<z. If TPA is present in NLO media, then sample
transmittance can be expressed as follows:

T@=32 H (5)

(m+1)2

Similar to Kerr effect this theoretical model can be used when weak nonlinear media criteria are meet - |asLesl|<1. This
is essential for correct evaluation of NLO coefficients'é. Laser intensity at focal point was varied in range from 10 to 100
GW/cm?, Usage of higher laser intensities was limited by conditions for weak nonlinear media as well as to avoid sample
degradation.

3. RESAULTS AND DISCUSSION

To calibrate our experimental setup, we performed a series of test measurements with CS, and chloroform solutions as
they are widely used as reference materials for third-order NLO studies. Acquired values of Kerr effect coefficient was
n,=1.88+0.12-10"*> cm?W for chloroform and n,=3.10+0.25-10* cm?W for CS,. Both of these values fit the ones



presented in literature®’”. Next we measured NLO properties of DMABI-Ph6 dissolved in chloroform. Experimental data
are shown in Figure 3. As no transmittance changes was observed for open aperture signal, we conclude that DMABI-
Ph6 possess no significant TPA effect. As solutions and solutes contribution to overall NLO properties of sample is
defined by weight fraction, we derived Kerr effect coefficient of DMABI-Ph6 using following equation8:

n, = (1 - p)nz;CHCl3 + PN2;solutes (7)
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Figure 3: Experimental data for DMABI-Ph6 dissolved in chloroform. Sample concentration in this measurement was 0,22 % and
laser pulse irradiance was approximately 31 GW/cm?.

From experimental data we calculated that Kerr coefficient of DMABI-Ph6 is n,=-1.05+0.11-10"*® cm?/W. Similar as for
solution measurements, before studying organic compounds in form of thin films, we measured NLO properties of pure
PMMA thin film for reference purposes. As we did not observe any transmittance changes in open and closed aperture
measurements we concluded that PMMA influence on refractive index and absorption changes is negligible.
Experimental data for guest-host thin films containing DMABI-Ph6 as guest material can be seen in Figure 4. From
experimental data, we obtained that DMABI-Ph6 in thin film configuration possess Kerr coefficient n,=-8.07+0.56-10*2
cm?/W. From this we can see that Kerr coefficient is significantly larger when material is prepared in form of thin films.
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Figure 4: Experimental data for DMABI-Ph6 thin film. Laser pulse irradiance at focal point was approximately 23 GW/cm?.



From values of Kerr and TFA coefficients we calculated values for real and imaginary parts of third-order susceptibility
of our materials using formulas presented in literature®®:

2= (25 m (), ®

where &9 is vacuum dielectric constant, c is speed of light in vacuum and 4 is laser wavelength. Third-order susceptibility
characterizes material properties on macroscopic scale. To compare NLO properties of single molecule we used values
for second-order hyperpolarizability of our materials®:

X(3)
= )
[§(n02+2)] N

where N is molecule concentration per cm®. Acquired values for NLO coefficients are presented in Table 2. By
comparing these results to previously obtained for other ABI derivatives in form of solutions, we can conclude that
DMABI-Ph6 possess smaller Kerr coefficient, but higher second-order hyperpolarizability then other ABI derivatives.
From this it is evident that triphenylpentyl groups added to donor part of molecule has small contribution to overall NLO
properties of molecule. At the same time it is important to emphasize that triphenylpentyl groups limits the probability of
crystallization and can lead to formation of higher concentration thin films?'. Other ABI derivative concentration is
limited due to crystallization at high concentrations?.

Table 1. Nonlinear optical properties of DMABI-Ph6 in form of solution (S) and thin films (TF).

Extinction _ 2k . 2 ARe, XRe, e 1034
Material ~ coefficient /'\rf{ol nz'KiB’_lgr?S;W n?’Teorf’lzc?jré\)N m2ve 101 mev2gote eailzs)l - es(l_ll_F; 0
at532nm 9 ) (TF)
DMABI-
Ph6 3577 846.13 -1.05+0.11 -8.07+0.56 -1.09+0.11 -8.38+0.58 -14.1£1.5 -10.81+0.75

4. CONCLUSIONS

In this paper we studied NLO effects of DMABI-Ph6 in chloroform solution and guest-host thin films with PMMA as
host material. By comparing results of both sample classes, we observed higher values for thin-film samples. During
experimental measurements we concluded that DMABI-Ph6 possess no significant two-photon absorption at 1064 nm. In
comparison to other ABI derivatives DMABI-Ph6 possess smaller overall induced refractive index changes but larger
second-order hyperpolarizability value. This is due to low NLO contribution of triphenylpentyl groups. Although these
molecular alternations decrease Kerr coefficient value, it allows for formation of higher concentration thin films, which
is essential for practical NLO applications.
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