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We have reported the characteristics of a Z-scan for the poly(azaneylylidene-acylene) (DAZA) polymer, as nonlinear

medium with a large nonlinear phase shift using continuous-wave (CW) laser beam. It has been verified that the Fresnel

diffraction model is applicable for analyses of Z-scan measurements with DAZA polymer at high laser power. It was

found that Z-scan curves with peak-to-valley features appear as the applied light intensity increases in the case of a large

nonlinear phase shift. The Z-scan experiments were carried out using a CW laser to verify the theoretical calculations in

the case of a large nonlinear phase shift model. Our results show good agreements between the experimental data and

the proposed theoretical models.
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Nonlinear optical (NLO) effects would be induced as
result of interaction between high power laser beam and
matter (medium)!"). These nonlinear effects can cause
observable changes in the NLO properties of the studied
medium'. The nonlinear refraction index (1) and non-
linear absorption (f) are the most important parameters
required to determine the real and imaginary parts of the
third order NLO susceptibility y° of different new mole-
cules™.

Determining the NLO response of new prepared
compounds will assess the type of future photonic de-
vices®. The Z-scan technique, developed by
SHEIK-BAHAE et al'®”! was considered as very effec-
tive tool, simple, sensitive and most reliable for deter-
mining the changes of sign and magnitudes in nonlinear
refractive index and nonlinear absorption™). It was util-
ized to investigate a large number of materials, such as
TiO, nanoparticles on graphene oxide"”, Zn;Mo,0,
nanosheet ceramic material'!), hybrid organic-inorganic
materials'>"*, organic dyes!"'® and MXene Ti;C,T,
flakes over the spectral range from 800nm to
1 800 nm'”!. Usually, in the Z-scan technique, the trans-
mittance is measured as function of the sample position Z
with respect to the focal point (Z=0). In the case of
closed aperture configuration, the transmittance is a
peak-valley curve, which indicates to negative nonlinear
response and valley-peak curve for positive nonlinear
responsel’),

The proposed theoretical model by SHEIK-BAHAE
(SBM) is only valid for the local nonlinear media, it
cannot be applied for the nonlocal nonlinear media!'®).
However, different theoretical models can be applied in
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order to perform best fitting to the new experimental
curves of nonlocal nonlinear media!'”),

This article presents a new experimental and theoreti-
cal study of poly(azaneylylidene-acylene) (DAZA) pol-
ymer using closed Z-scan technique. Different theoretical
models were used to perform suitable fitting of the ex-
perimental data with large phase changes and nonlocal
response in the presence of nonlinear refraction.

Preparation and characterization of DAZA polymer
was described elsewhere!””. DAZA polymer has good
mechanical properties, high chemical stability, thermal
stability, UV-visible spectral range, and exhibit fast NLO
response time. The DAZA polymer was dissolved in
chloroform with concentration of 10° M. The closed
Z-scan measurements were acquired with similar ex-
perimental setup, which was mentioned in Ref.[21]. A
continuous-wave (CW) diode pumped solid state laser is
used with A=532 nm and the power up to 100 mW. A
special optical filter was inserted in front of the laser
beam to get very good high quality TEM0O Gaussian
beam. The laser beam is focused onto the cell samples
(2 mm thickness) using positive lens with 10 cm focal
length. The spot size in the focal region was 47 um and
the transmittance intensity was recorded by means of
power meter. All the components of the experiment were
fully controlled by computer.

The value of nonlinear refractive index (n,;) of the
DAZA polymer was determined using the closed aper-
ture Z-scan configuration. The sample cell was gradually
moved along the axis of propagation (Z-axis) of a fo-
cused Gaussian laser beam. Acquisition of the experi-
mental data was performed by the recording of the
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transmission output of the sample cell. As the sample
experiences different intensities at different positions, the
recording of transmission as a function of Z-coordinate
provides accurate information about the presence of non-
linear effect. All the acquired results of studying the
DAZA polymer are presented in Figs.1—4. These results
show the normalized transmittance of closed Z-scan
measurements as a function of distance from the focal
point (Z=0) with different laser power of 0.6 mW, 1 mW,
2 mW, 4 mW, 6 mW and 8 mW. Then, we have applied
suitable theoretical models in order to get the best fitting
of the experimental data for each case. Fig.1 presents the
closed aperture Z-scan data at laser power of 0.6 mW.
Then, the SBM and thermal lens model (TLM) have
been used as theoretical models to perform the fitting
processes!”). The solid curve depicted in Fig.1(a) was
obtained from fitting by SBM in Eq.(1), which represents
the closed aperture Z-scan normalized transmittance!**,
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where is X=(Z/Z;), and T is the normalized transmittance
for the pure n,, and Ag, is the on-axis small nonlinear
phase shift change. Then, the TLM (Cuppo's equation)''®
was applied to get the best fitting for the same experi-
mental data. The solid curve depicted in Fig.1(b) was
obtained using the TLM (Cuppo's equation), and the
normalized transmittance for closed aperture Z-scan is
given in!*’!
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is the absorption coefficient of the sample, L is the
sample effective length, (dn/dT) is the thermo-optic coef-
ficient, and P is the laser power.

It can be seen that there is slight deviation between the
theoretical curve of SBM and the experimental data. But,
it is very good agreements between the thermal lens
model curves generated by TLM and the experimental
data. The observed asymmetric feature of the closed
Z-scan data, using CW laser beam, suggests that the ori-
gin of the nonlinear refractive index (mp) is ther-
mo-optic™®. The experimental parameters for the closed
Z-scan can be used with the two models of SBM and
TLM in order to calculate the n™, and dn/d7, and all the
obtained values of n, were listed in Tab.1.

The closed Z-scan data were taken at two laser power
levels of 1 mW and 2 mW, as seen in Fig.2. The features
of the curves in Fig.2 are asymmetric, by applying the
SBM to the experimental data, it was found not suitable
to be used as theoretical model to extract the experimen-
tal parameters.

where 6 is the on-axis phase shift (6=
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Fig.1 Closed aperture Z-scan data for DAZA polymer

at the laser power of 0.6 mW using (a) SBM and (b)
TLM

Tab.1 Calculated values of thermal nonlinear refrac-
tive index (n™2) and thermo-optic coefficients (dn/dT)
at 0.6 mW

Theoretical model n'", (cm*/W) dn/dT (K™)
SBM 7.06x107 2.49x10™
TLM 7.02x107 1.89x10™

Then, the TLM has been applied for getting the best
fitting of the experimental data using Eq.(2). The solid
curves depicted in Fig.2(a) and (c) were obtained by uti-
lizing Eq.(2) with two input laser power levels of 1 mW
and 2 mW. As the applied power increases, the thermal
phase shift becomes larger, and the SBM may not be a
valid assumption for calculating the phase shift or the
nonlinear refractive index (#,). The aberrant thermal lens
model (ATLM) was used to perform the fitting of the
recorded experimental data at two laser power levels of
1 mW and 2 mW using/***
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The solid curves of Fig.2(b) and (d) indicated to the
fitting results of using Eq.(3) at two input laser power
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levels of 1 mW and 2 mW. Looking to the present re-
sults, it is found slight deviation between the experimen-
tal data and the theoretical curve of the ATLM. The ex-
perimental results agree with the predicted results ob-
tained by the theoretical of TLM using Eq.(2). Therefore,
the TLM under CW laser reported by CUPPO et al''®
was used for predication of the correct values of n,, the
thermo-optic coefficients dn/dT and 0 coefficients. At the
same time, the values of n,, dn/dT and 8 were calculated
using the TLM and the ATLM at 1 mW and 2 mW, and
all the obtained values were listed in Tab.2.

Then, the closed Z-scan measurements were taken at
higher laser power equal up to 4 mW and 6 mW, as seen
in Fig.3. The TLM (Eq.(2)) and ATLM (Eq.(3)) have
been used to perform the best fitting of the experimental
data. As clearly seen in curves of Fig.3(a)—(c), the ex-
perimental data was in excellent agreement with the
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Fig.2 Closed aperture Z-scan data for DAZA polymer
at the two laser power levels of 1 mW and 2 mW using
(a) TLM (1 mW), (b) ATLM (1 mW), (c) TLM (2 mW), and
(d) ATLM (2 mW)

Tab.2 Calculated values of thermal nonlinear refrac-
tive index (n™2) and thermo-optic coefficients (dn/dT)
at the two laser power levels of 1 mW and 2 mW
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TLM theoretical prediction. But, there are slight devia-
tions between the experimental data and the theoretical
curves of using ATLM, as seen in Fig.3(b)—(d). Using
the output results of two theoretical models (ATLM and
TLM) at two laser power levels of 4 mW and 6 mW, we
were able to calculate the values of the thermal nonlinear
refractive index n™,, the thermo-optic dn/dT and 6 coef-
ficients of DAZA polymer at 4 mW and 6 mW and they
are inserted in Tab.3.

Finally, the closed Z-scan measurements of DAZA
polymer were taken at higher laser power equal to 8 mW
(Fig.4). Then, three theoretical models were used to
search for the best theoretical model for fitting of the
experimental data. The solid curves in Fig.4(a) and (b)
were obtained by the mentioned TLM, ATLM using
Egs.(2) and (3), respectively. The solid curve in Fig.4(c)
was obtained from the best fitting by numerically solving
the integrals in Eq.(4) (Fresnel diffraction model) as the
sample is considered as thin sample and no absorption,
and the normalized transmittance at the aperture can be
determined with the following equation***”)

a|o 2 2
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T(Z,Ag,,a) =22 5
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where ¢ (Z,r)=

ZR(Z)+A¢(Z,r), p=(D-2)0 is the

radial coordinate on the aperture plane at distance D, 6 is
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the far-field diffraction angle, a is the aperture radius,

and all the others terms in the Eq.(4) were defined in
Ref.[28].
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Fig.3 Closed aperture Z-scan data for DAZA polymer at the two laser power levels of 4 mW and 6 mW using (a)
TLM (4 mW), (b) ATLM (4 mW), (c) TLM (6 mW), and (d) ATLM (6 mW)

Tab.3 Calculated values of thermal nonlinear refractive index (n™,) and thermo-optic coefficients (dn/dT) at the

two laser power levels of 4 mW and 6 mW

Theoretical model 1™, (cm*/W) dn/dT (K 0
4 mW 3.88x107 1.04x10™ 2.70
ATLM
6 mW 3.06x107 8.24x10™ 3.20
4 mW 1.38x107 3.71x10° 0.960
TLM
6 mW 9.18x10® 2.47x10° 0.959

As it is clearly shown in Fig.4, the experimental re-
sults of DAZA polymer for closed Z-scan measure-
ments do not agree with the two applied models TLM
and ATLM. There are slight deviations between the
experimental data and the theoretical curves. An excel-
lent fitting can be obtained with the Fresnel diffraction
model (Eq.(4)). However, the mentioned analytical
formula (ATLM and TLM) of the on-axis transmission
for determining the nonlinear index of refraction of
materials were not suitable, for large nonlinear phase
shifts materials. So, it is possible to consider such
model like the diffraction model to be used in large

phase shifts materials in Z-scan experiments. A notice-
able asymmetry around the origin has been developed
on the normal transmittance curves for large values of
the nonlinear phase shift. This asymmetry becomes
more pronounced with larger values of the nonlinear
phase shift, for A¢, values equal to (or greater than)
211!, The experimental results of DAZA polymer at
8 mW using three theoretical models for large thermal
phase shift were used to extract the fitting parameters,
such as the thermal nonlinear refractive index n",, and

thermo-optic coefficients dn/dT using the following
relations'®”’
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where [, is the on-axis irradiance at focus. All the ob-
tained values are tabulated in Tab.4.

Finally, it can be said that our new experimental re-
sults on DAZA polymer were agreed with the theoretical
models at higher laser power, as well as these results are

well agreed with the results of similar pervious reported
119251

wor
6 « Experimental data
== Theoretical
5T & fitting curve
o* e

I

[\
T

—_
T

Normalized transmittance
W

(=]

)}

W
T

&6 -0 Experimental data
¥ = Theoretical
fitting curve

Normalized transmittance
w
:

0t
-20 -15 -10 -5 Z/Z(“) 5 10 15 20
(b)

6
oSf .
3 # Experimental data
g | — Theoretical
g 4 fitting curve
g3t
=
2 o’
g o
51t ewes™ )
z g -

0

-20 -15 -10 -5 Z/Z? 5 10 15 20

(c)
Fig.4 Closed aperture Z-scan data for DAZA polymer
at the laser power level of 8 mW using (a) TLM, (b)

ATLM, and (c) diffraction model

We present the results of Z-scan experimental and
numerical investigation of DAZA polymer. The closed
Z-scan measurement of DAZA polymer exhibits an
asymmetric behavior due to the nonlocal thermal non-
linear refraction. A theoretical analysis based on the

Optoelectron. Lett. Vol.20 No.3 « 0181 «

Tab.4 Calculated values of thermal nonlinear refrac-
tive index (n"‘z), thermo-optic coefficients (dn/dT) and
0 coefficients at the laser power level of 8 mW

Theoretical model n"™ (cm*W)  dn/dT (K) 0
TLM 6.76x10® 1.80x10°  0.942
ATLM 3.06x107 8.24x10*  0.780
Fresnel diffraction model 3.01x107 8.11x10° 4.20

SBM, TLM and ATLM shows slight deviations from the
experimental closed Z-scan results for the DAZA poly-
mer at different input laser power levels. Our results have
shown that the Fresnel diffraction model is the best mod-
el to be used for large nonlinear phase shift induced in
the DAZA polymer. The new results are found to be in
excellent agreement with this analysis and the values of
the nonlinear refractive index and thermo-optic coeffi-
cients are extracted and calculated using the mentioned
theoretical models.
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