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Potassium permanganate (KMnO,) is a remarkably versatile compound with a wide range of applications
spanning from household to industrial settings. As a neutral salt, it possesses potent oxidizing properties
that make it indispensable in various fields. The third-order nonlinear optical properties of pure KMnO,4
solution with different normality of 0.05 N, 0.0166 N, 0.0125 N, and 0.009 N have been studied using
the Z-scan technique with a continuous wave diode pumped solid state (DPSS) 532 nm laser source of
100 mW. By evaluating the closed aperture and the open aperture response, the nonlinear refractive
index (n,) and the nonlinear absorption coefficient () were determined for different normality of KMnO,4
solution. Also, using the values of n, and B, the third-order nonlinear susceptibility (y°) was discovered.
The normality versus nonlinear refractive index has been assessed by plotting a curve. The closed
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aperture response reveals the negative sign of the nonlinear refractive index, which indicates the self-
defocusing behavior, and the open aperture response demonstrates the reverse saturable absorption
(RSA) mechanism. The thermal nature of the KMnO4 was found by the order of magnitude of the
nonlinear refractive index (n,) and also by investigating the peak-valley separation values. The studies led

DOI: 10.1039/d5ma00947b

Open Access Article. Published on 09 October 2025. Downloaded on 1/21/2026 1:35:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/materials-advances

1. Introduction

Nonlinear optics (NLO) is concerned with how the electromag-
netic field of a light wave interacts with the electromagnetic
fields of matter and of other light waves. The interaction of
light with a nonlinear optical material will cause the material’s
properties to change. These interactions may change the fre-
quency, phase, polarization, or path of incident light." In the
Z-scan experiment, refraction and multi photon absorption, a
process through which multiple photons are absorbed by mole-
cules or materials for electronic transitions, are the dominant
interaction mechanisms. The Z-scan method has gained rapid
acceptance by the nonlinear optics community due to the
simplicity of the technique as well as the simplicity of the
interpretation, it can rapidly measure both nonlinear absorption
(NLA) and nonlinear refraction (NLR) in solids, liquids, and
liquid solutions.> The Z-scan is a single-beam technique for
measuring the sign and magnitude of refractive nonlinearities.
The technique is based on the transformation of phase distor-
tion to amplitude distortion during beam propagation.® The
phase distortion arises from an optically induced nonlinear
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to further investigation in the field of optical switching.

self-phase modulation (SPM), when the laser beam propagates
inside the sample. SPM changes the phase of an optical pulse
resulting from the nonlinearity of the refractive index of the
material medium.” One can simultaneously measure the sign
and magnitude of the nonlinear refraction from the closed
aperture (CA) response and nonlinear absorption from the open
aperture (OA) response of the nonlinear materials, which are
proportional to the real part Re »®) and imaginary part Im 5 of
the third order nonlinear susceptibilities. Materials with high
optical nonlinearities of second-order and superior third-order
nonlinear response find applications in the field of optical limit-
ing and in the fields of photonics, including information proces-
sing, data storage devices and optical switching. Z-scan has been
used in oncology to discriminate between solid tumors and to
identify tumor-circulating cell-free DNA in liquid samples.®
Exploration of potassium permanganate in the NLO region is
of primary importance due to the specific molecular structural
bonding. Since its discovery in 1659, potassium permanganate
has a long history of application to different fields, such as
catalysis, medicine and electrochemical and mechanical areas.
The use of potassium permanganate in the synthesis area was
achieved to prepare many manganese oxide nanostructures.
Potassium permanganate exhibits a wealth of physical and
chemical properties originating from the electronic states of
Mn’* (3d°) tetrahedrally surrounded by four oxygen anions.®
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The quantum theory of atoms in molecules was applied to
characterize the topological parameters of KMnO, revealing that
the K-O bond has pure ionic characteristics, while the Mn-O
bonds show an intermediate behaviour of electron density.” The
X-ray powder diffraction pattern of KMnO, presents the most
intense peak at 20 = 24.08°, and some other representative peaks
at 20 = 15.58°, 18.84°, 22.92°, 25.00°, 26.61°, 27.94°, 30.4°, 41.42°,
35.12°, 41.46°, 49.76°, 52.08° and 54.76°, being consistent with
diffractograms reported for this material (JCPDS file 89-3951).
In the FTIR spectrum of KMnO,, the band at 902 cm™' is
assigned to the v; mode of MnO, and the small bands at
1812 and 1734 cm ™" also correspond to specific vibrations of
KMnO,.® The thermal decomposition of KMnO, (described by
TG-DTA studies) occurs at a noticeable rate at temperatures
ranging from 200 to 280 °C. The chemical reaction can be
described schematically as 2KMnO, — K,MnO, + MnO, + O,,
the solid products being manganese dioxide and potassium
manganate, and the gaseous product oxygen.’ The novelty of
this study lies in the selection of this material in the context of
its industrial as well as scientific application along with explor-
ing the hidden optical properties especially in the nonlinear
domain, which gives an insight into the physicochemical prop-
erties, and enables a better exploitation of the material. This
study investigates the third-order nonlinear optical properties
of pure KMnO, using the continuous wave Z-scan technique, a
method not anywhere previously applied to this material.

2. Preparation of the sample

Potassium permanganate is an inorganic compound represented
using the chemical formula KMnO,. It is a purplish-black crystal-
line salt that dissolves in water to give an intense pink to purple
color solution. It dissolves in water as K" and MnO,~ as shown in
Fig. 1. Potassium permanganate belongs to the orthorhombic
space group Pnma 062, with cell dimensions a = 9.09 A, b =
7.41 A, ¢ = 5.72 A, with four molecules per unit cell.® It has a molar
mass of 158.034 g mol ™" and the molality of KMnO, is 1.58 g mL ™.

Using a high-precision common balance, 1.6 g of KMnO, was
weighed and then dissolved into a beaker containing 500 mL of
distilled water. The solution was stirred for 15 minutes using a
magnetic stirrer to ensure that the crystals were completely
dissolved.

Using the normality equation, N;V; = N,V,, an adequate
amount of double distilled water (ddH,0) was added to prepare
KMnO, solutions with normalities of 0.05 N (sample 1), 0.0166 N

K*| _Mns
o° 1 O
O

Fig. 1 Structure of potassium permanganate (KMnOy).
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(sample 2), 0.0125 N (sample 3), and 0.009 N (sample 4). The
KMnO, solution of normality 0.05 N has an intense purple colour,
and as the normality decreases, the transparency of the sample
increases giving different shades of purple colour.

The prepared KMnO, samples were then filled into the
cuvette, having a path length of 1 mm and a volume of
0.35 mL. The cuvette is then placed on the translational stage
for scanning.

3. Characterization techniques
3.1 UV-visible spectroscopy

A UV1700 Pharmaspec Shimadzu UV-vis spectrophotometer
was used for the spectral analysis of the specimens. Ultra-
violet-visible spectroscopy is a technique used to perform both
qualitative and quantitative analyses of a specimen using a light
source at the ultraviolet wavelength range of 200-400 nm to the
visible wavelength range of 400-700 nm. The interaction
between the light source and specimen can be analyzed through
the absorption, transmission, or reflection in the UV-Vis spec-
trum. The characteristics peak in the UV-Vis spectrum is a
representation of the energy bonding of the specimen.'’ From
the absorbance data of the UV-Vis spectrum, the absorption
coefficient can be evaluated using the relation,

A
o =2.303 (7> (1)
where A represents the absorbance of the specimen as indicated
by the spectrum at the desired wavelength and ¢ represents the
thickness of the specimen along which the light source
propagates.

3.2. Z-scan technique

The Z-scan experimental arrangement is illustrated in Fig. 2.
The Holmarc Z scan system model: HO-ED-LOE-03 was used for
the experiment. The laser beam source used is a continuous
wave (CW) diode pumped solid state (DPSS) laser (crystal)
module producing an output of 532 nm, 100 mW of Gaussian
nature. A lens with a focal length of 286 mm was used to focus
the beam. The sample is then placed in the precision motorized
stage for linear scanning. Upon scanning, the sample travels
150 mm in the linear translation stage from —z to +z with a
minimum step size of 0.1 mm through the beam waist, at z = 0.
The beam waist refers to the point where the beam is most
constricted, representing a position linked to the smallest
beam radius, denoted as w,. The required scan range in an
experiment depends on the beam parameters and the sample
thickness L. One of the critical parameters is the Rayleigh
length, Zg, of the focused beam defined as mw,*/4A for a
Gaussian beam where wj is the focal spot size.

For “thin” samples (i.e. L < Zg, sample thickness must be
less than or equal to Rayleigh length), although all the informa-
tion is theoretically contained within a scan range of +Zy, it is
preferable to scan the sample for ¥ + 5Zz or more. This
requirement, as we shall see, simplifies data interpretation when
the sample’s surface roughness or optical beam imperfections

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Z-scan experimental setup.

introduce background “noise” into the measurement system.’
We measure the transmittance through the aperture placed at the
far field ie. +z, on a detector for closed aperture Z-scan and
without aperture for open aperture Z-scan. The position of the
aperture is rather arbitrary as long as its distance from the focus,
d > Zg. Typical value ranges are from 20Zg to 100Zg°. A real-time
plot of transmitted power (LW) versus position (mm) is obtained
along with the data in the Z-scan system software. The axes of the
real-time plot are then normalized to give normalized transmit-
tance on the y-axis and position on the x-axis. Theoretical
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response for Z-scan closed aperture (CA) and open aperture
(OA) is shown in Fig. 3 and 4 respectively.

In the context of CA response, the graph depicted in Fig. 3
illustrates that a pre-focal transmittance maximum (peak) followed
by a post-focal transmittance minimum (valley) is, therefore, the
Z-scan signature of a negative refractive nonlinearity,'* and con-
versely for positive nonlinear refraction. As the sample traverses
the Rayleigh length, it exhibits characteristics akin to a concave
lens, causing the Gaussian beam to self-defocus and resulting in a
peak-valley response. Conversely, the sample behaves like a convex
lens, autonomously focusing the Gaussian beam and yielding a
valley-peak response. The difference in the ordinate values of the
maximum and the minimum, ATy, (i.e. the peak-to-valley height),

Normalized transmittance

-40 20 0 20 40
Z (mm)

Fig. 3 Theoretical response of a closed aperture Z-scan.
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Fig. 4 Theoretical response of an open aperture Z-scan.

is an indirect measure of the amount of nonlinear refraction.'®
Several diverse physical effects contribute to the nonlinear index of
refraction. Generally, it can be defined as a change in the refractive
index or the spatial distribution of the refractive index of a
medium due to the presence of optical waves. Several different
types of effects fall under this general definition, namely the
optical Kerr effect, nonlocal effects, saturation, changes in physical
properties of a medium, and cascading effects.’* The on-axial
nonlinear phase shift induced by the sample is

ATy,

0.406(1 — 5)°% <

|Ag|
where S = 1 — exp(—2r,%/W,?), the linear transmittance of the
aperture in the absence of the sample, r, is the aperture radius
and W, is the beam radius at the aperture. In most reported
experiments, 0.1 < S < 0.5 has been used for determining
nonlinear refraction.? The nonlinear refractive index 7, can be
obtained using the relation

_ |Apla

p—
= m- W
27 2nl Lo

€)

where I, = 2Po/nw,” represents the axial irradiance at the beam
waist, Legr = (1 — exp(—al))/o represents the effective sample
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length, o is the absorption coefficient and L denotes the sample
thickness.

The open aperture Z-scan trace corresponds to the absorp-
tion of the material as shown in Fig. 4. Nonlinear absorption
will only happen when the sample is subject to a high-intensity
laser beam. Consider a system with two energy levels, say E;
being the ground energy level and E, being the excited level. Ny
and n, are the populations of the atoms/molecules in the ground
and excited energy levels, respectively. The lower-level atoms/
molecules can absorb a photon of frequency v and energy E =
hv = (E, — E;). However, suppose the number of photons incident
simultaneously on this system is just equal to the number of
atoms/molecules in the lower energy state, the entire absorbing
atoms/molecules could be excited to the higher level at unity
quantum yield, making the lower level momentarily empty. If
one more photon of the same energy is incident after this, there
is no more atom/molecule to absorb this and hence the photon
passes through, leading to a case of ’induced transparency’.
Thus, the material that was opaque to a smaller number of
photons has now become transparent when a large number of
photons are incident. This is called saturable absorption (SA).
Another interesting possibility for an atom excited to the first
excited state by the incident laser beam is that there could be
transitions to further higher states, in the case of a multi-level
system with appropriate energy levels. Thus, the upper level can
be momentarily depleted, leading to further absorption and a
corresponding decrease in transition. This is known as reverse
saturable absorption (RSA)."”® The nonlinear absorption coeffi-
cient f associated with the open aperture Z-scan technique can
be determined by employing the relation,

_ 2V2AT

= mw! 4
b=l 4

The value of AT can be directly determined from the normalized
open aperture response. The real and imaginary parts of the
third-order nonlinear susceptibility can be derived from the
nonlinear index of refraction and the coefficient of nonlinear
absorption.

Re 7 = 2cm,60102 m? V2 (5)

1 Bend
3 _ cAPeong 2 V-2 6
i (6)

Im X(
where &, represents the permittivity of free space, ¢ is the
velocity of light, and n, denotes the linear refractive index of
the sample. The magnitude of the third-order nonlinear
susceptibility ) can be approximated using

19 =\ (Re 1)+ (Im 7Y m? V2 o)

4. Results and discussion
4.1. UV-vis spectrum

Fig. 5 shows the ultraviolet-visible spectrum of the KMnO,
sample of normalities of 0.05 N, 0.0166 N, 0.0125 N, and
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Fig. 5 UV-vis spectrum of KMnOy, solutions of 0.05 N, 0.0166 N, 0.0125 N

and 0.009 N.

0.009 N, which are indicated using black, red, blue, and purple
lines, respectively. The spectrum yields the following informa-
tion. KMnO, with normality 0.05 N shows near saturation or
saturation at all wavelengths. Also, 0.0125 N normal KMnO,
solution shows minimal absorbance at all wavelengths from
200 nm to 700 nm. While observing from the lower wavelength
side of the UV-Vis spectrum, it is found that the samples with
increasing normality de-excite first from the saturation levels
for wavelengths ranging from 243 nm to 387 nm. Also, the
samples show excitation in the reverse order as they de-excite.
At 537 nm, it is found that all samples with different normality
will de-excite and rapidly decay into nominal absorbance. From
200 nm to 242 nm, 293 nm to 364 nm, and 506 nm to 532 nm
all the samples with different normality show the maximum
absorbance. According to the spectrum, the absorbance value
at a wavelength of 532 nm was consistently 4 for all normalities
of KMnO,. By employing eqn (1), the linear absorption coeffi-
cient, o, is calculated to be 0.9212 mm™'. Here, materials
exhibiting high optical transparency (as indicated by UV-vis
data) are expected to correlate with better NLO performance.

4.2 Sample 1-KMnO, of normality 0.05 N

Fig. 6 illustrates the closed aperture response, which indicates a
negative sign for the nonlinear refractive index, whereas Fig. 7
reveals the reverse saturable absorption (RSA) mechanism in
the open aperture response. The normalized transmittance,
denoted as 7(z), can be derived from the relation:

P(z)

T6) = pry

where, P(z) is the power at the z position and P(o0) is taken as
the power at a position far from focus. The beam waist, wy, to
which the sample is symmetrically translated, can be calculated
using the equation, w, = 2fA/Dn. Here, f is the focal length
(28.6 cm) of the lens placed before the translational stage, A is
the laser wavelength, and D is the diameter of the beam
entering the lens. The calculated beam waist (w,) is 24 pm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Normalized closed aperture response of 0.05 N KMnOy.
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Fig. 7 Normalized open aperture response of 0.05 N KMnOy,.

The peak-valley separation AT, can be obtained explicitly from
Fig. 8. The on-axis phase shift is evaluated using eqn (2),

AT
0.406(1 — )
where S ~ 0.25.
The third order nonlinear refractive index n, was calculated
to be 2.071 x 10~ m* W' using eqn (3),

,— Aol
klo Legr
and is estimated to be 108.760 MW m ™. Also, the magnitude of
the nonlinear absorption corresponding to the reverse satur-

where I, is the peak irradiance at the beam waist

able absorption mechanism was explored by employing the
relation specified in eqn (4),

_ 2V2AT
Io Lege

is calculated to be 1.069 x 10~> m W™ '. These values are then
utilized in the computation of complex equations encompass-
ing both the real and imaginary components of the third-order
nonlinear optical susceptibility 5

© 2025 The Author(s). Published by the Royal Society of Chemistry
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8 2
Im ¥ = crpeons m? V2
3n

The real and imaginary parts of the third-order nonlinear optical
susceptibility were determined to be 2.781 x 10~ m> vV ? and
4,056 x 10" m” V2 respectively. The magnitude of the third-
order nonlinear susceptibility 7* can be approximated using

= \/ (Re ) +(Im z3))* m> V-2

and was estimated to be 2.811 x 10~ '* m*® V2 The figure of

merit factors W and T were obtained using the nonlinear

refractive index and absorption coefficient through the relations
_ nyly ﬂ/{

W=——and T =—.
},O(() ny

For all-optical switching applications, the figure of merit W
should be greater than one and T should be less than one."
However, here the merit factors were evaluated to be 0.459 and
2.747 for W and T, respectively.

4.3. Sample 2-KMnO, of normality 0.0166 N

Fig. 8 and 9 depict the closed aperture and open aperture
response when KMnO, of 0.0166 N was subject to a high-
intensity beam. It is evident from the above Fig. 8 that, for the
particular normality of KMnO,, the sample acts as a concave
lens resulting in a negative nonlinear refractive index n,. Also,
Fig. 9 confirms that the sample has a multi-level energy system,
thus yielding a typical reverse saturable absorption (RSA)
response. The values of nonlinear refractive index, n,, and the
nonlinear absorption coefficient, 5, were calculated as above
and found to be 2.728 x 10" > m*W ' and 1.663 x 10 ° m W™,
respectively. The quantities such as Rey® and Im y® were
calculated to be 3.664 x 10~** m?> vV % and 6.308 x 10" m* V 2,
thus making the total third-order susceptibility »© as

0.8

Normalized transmittance
5
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Fig. 8 Normalized closed aperture response of 0.0166 N KMnOy.
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Fig. 9 Normalized open aperture response of 0.0166 N KMnOy.

3.718 x 10~ m?® V2, The figure of merit factors W and T were
estimated to be 0.605 and 3.243, respectively.

4.4. Sample 3-KMnO, of normality 0.0125 N

Fig. 10 illustrates the closed aperture response of sample 3. The
pre-focal transmittance peak followed by a post-focal transmit-
tance valley is the ideal character of negative refractive non-
linearity. From this figure, we can directly assess the peak-valley
separation ATy, as 0.670, enabling us to determine the on-axis
phase shift, |A¢| as 1.771, using the aforementioned relation in
4.2. By utilizing the relation for the nonlinear refractive index
mentioned in eqn (3), we obtain n, as 2.111 x 10" m*> W™
The real part of the third-order nonlinear susceptibility, which
is proportional to the refractive nonlinearity by the relation
mentioned in eqn (5), is obtained as 2.835 x 10~"* m* V>, The
figure of merit factor W was found to be 0.468.

4.5. Sample 4-KMnO, of normality 0.009 N

A negative sign for the refractive nonlinearity is well depicted in
the normalized closed aperture response of sample 4 in Fig. 11.
Such a response corresponds to the self-defocusing character of

1.3
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Fig. 10 Normalized closed aperture response of 0.0125 N KMnO,.
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Fig. 11 Normalized closed aperture response of 0.009 N KMnQO,.

the sample. AT}, can be explicitly found from the peak-valley
graph, which is then used to find the axial phase shift |A¢|. The
real part of susceptibility Re7'® was found to be 2.167 x
107" m?® V2, using the third-order nonlinear refractive index
1.614 x 107> m®> W', The coefficient of the figure of merit
factor W was estimated to be 0.358. Comparing KMnO, of
normality 0.009 N with other normality reveals that sample 4
has the lowest values for all nonlinear optical parameters.

For concise presentation, the numerical data from the study
can be effectively summarised through the integration of
tabular columns and figures. A comparison between the non-
linear optical parameters from the closed and the open aper-
ture Z-scan technique is tabulated as Table 1. It is explicit that
the NLO behaviour of pure KMnO, is superior to several other
reported inorganic samples.'®

It’s clear from Fig. 12 that the nonlinear refraction demon-
strates an almost steady increase with the rising normality of the
KMnO, solution. It led to the fact that the number of molecules
participating increases as the normality of the KMnO, solution
increases, and a greater number of particles are thermally
agitated leading to an amplified optical nonlinearity.

5. Conclusion

The pure KMnO, crystals were dissolved in ddH,O to obtain a
KMnO, solution of normality 0.05 N, 0.0166 N, 0.0125 N, and
0.009 N. The third-order nonlinear optical properties such as
nonlinear refractive index (n,), nonlinear absorption (f), and
third-order nonlinear susceptibility (s*)) were studied using the
Z-scan characterization technique. The results from the study
yield that the KMnO, solution has a negative nonlinear refrac-
tive index since the sample acts as a concave lens resulting in
the self-defocusing of the incident beam in the closed aperture
Z-scan technique. The magnitude of the nonlinear refractive
index (n,) was found to be of the order of 10™'*> m®> W™, which
corresponds to the thermal contributions of the sample.'* Also,
in the materials that show thermal-type optical nonlinearities,
the peak-valley separation values are greater than 1.7Zg*. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of closed and open aperture parameters
N |Ag| ny (m> W) Re® (m*v?) B (mw™) Im 3® (m? v?) 7P (m?v?) w T
0.05 1.737 2.071 x 107" 2.781 x 107 1.069 x 107> 4.056 x 107" 2.811 x 107" 0.459 2.747
0.0166 2.289 2.728 x 107*? 3.664 x 107" 1.663 x 10> 6.308 x 10~ % 3.718 x 10" 0.605 3.243
3.0 this tool, the authors reviewed and edited the content as
needed and take full responsibility for the content of the
publication.
25 . .
o Conflicts of interest
= The authors declare that they have no known competing
2 o) financial interests or personal relationships that could have
<207 appeared to influence the work reported in this paper.
Data availability
15 v T v T v 1
0.00 0.02 0.04 0.06 The authors declare that the data supporting the findings of
Normality (N) this study are available within the paper and its supplementary

Fig. 12 Normality dependence of n, for KMnQO,.

Table 2 Closed aperture parameters of all normalities of KMnO,4

N AZp, (mm) AT,y |A@| n, (m?2W™) Rey® m?*v?) w

0.05 6.94 0.658 1.737 2.071 x 10 *? 2,781 x 10°* 0.459
0.0166 8.92 0.867 2.289 2.728 x 10™** 3.664 x 10~ 0.605
0.0125 7.52 0.670 1.771 2.111 x 10™** 2.835 x 10~ *  0.468
0.009 7.52 0.512 1.354 1.614 x 10 *? 2,167 x 10°** 0.358

average peak-valley separation (AZp,), from Table 2, exhibited
by the closed aperture Z-scan response of KMnO, is 2.2Zg, which
again validates the thermal nature of the specimens. It was also
confirmed that the samples possess nonlinear absorption char-
acteristics. From the open aperture Z-scan responses it is evident
that the molecules make transitions into the higher energy levels
by absorbing photons from the incident laser beam, thus con-
firming that the sample has a multi-level system with appropriate
energy levels. It is thus concluded that the KMnO, has reverse
saturable absorption (RSA). The study also reveals a general trend,
depicted in Table 2, among the samples that normality is related to
the third-order nonlinear optical parameters such as refraction,
absorption, and susceptibility. The results from the figure of merit
factors indicate a poor application in the field of optical switching.
But, the development of advanced complex composite films by
tuning the bandgap energy, absorption properties, and electrical
conductivity has attracted attention because of their application in
advanced optoelectronic devices.
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