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Abstract

This study presents the first successful growth of malachite green-doped potash alum
(MG-PAS) single crystals using the slow evaporation technique at ambient conditions.
Structural characterization via PXRD confirmed the retention of the cubic Pa-3 space group,
with peak sharpening indicating improved crystallinity in the doped samples. FT-IR
spectroscopy verified MG incorporation through distinct vibrational shifts, revealing host-
guest interactions. UV-Vis analysis showed a reduced band gap in MG-PAS, although optical
transmission decreased due to dopant absorption. Thermal analysis revealed an increase in
stability during the initial dehydration and intermediate decomposition stages, attributed to
hydrogen bonding and electrostatic interactions between MG and the PAS matrix. However,
the phase transition temperature slightly decreased in doped crystals, while the final
decomposition temperature increased from 970°C (pure PAS) to 991°C (MG-PAS), indicating
partial lattice stabilization. Z-scan measurements demonstrated enhanced nonlinear optical
properties, with third-order susceptibility ()°) increasing from 3.1335 x 1077 esu to 4.0338 %
1077 esu, along with an increase in the nonlinear refractive index (n2) and absorption
coefficient (B). These findings establish MG-PAS as a promising candidate for nonlinear
optical applications, with improvements in thermal stability during early decomposition
stages, despite trade-offs in phase transition behavior and optical transparency.

Keywords: PXRD, FTIR, Optical properties, Thermal Properties, Z-scan.
Introduction

Potassium aluminum sulfate dodecahydrate (PAS), commonly known as potash alum
(KAI(SO4)2-12H-0), is a widely studied inorganic material with applications spanning water
purification, pharmaceuticals, food processing, and leather tanning [1-6], Beyond its
conventional uses, PAS has gained increasing attention in the field of crystal growth and
nonlinear optics (NLO) due to its exceptional transparency in the ultraviolet-visible (UV-Vis)
range, high solubility, and well-defined crystallization behavior. It belongs to the family of

Volume 15, Issue 01, Jan 2025 ISSN 2457-0362 Page 228


mailto:shrikantyadav17@gmail.com
mailto:mirza.baig@prmceam.ac.in

International Journal For Advanced Research
In Science & Technology

ISSN: 2457-0362

sulfate-based crystals, which are known for their diverse structural configurations and tunable
electronic properties, making them potential candidates for photonic and optoelectronic
applications|[7,8].

Structurally, PAS crystallizes in the cubic system, with its dodecahydrate form
exhibiting a robust hydrogen bonding network. This extensive hydration not only stabilizes
the lattice but also influences its dielectric and optical characteristics. The presence of sulfate
groups within the framework allows for modifications in electronic distribution, which can be
further manipulated through doping strategies[9,10]. Literature shows that the nonlinear
optical (NLO) properties of centrosymmetric crystals can be enhanced by incorporating
dopants, which induce structural distortions and break inversion symmetry, leading to
improved optical responses [11-13]. Organic dye doping has emerged as a promising
approach, as organic molecules possess highly delocalized m-electron systems, which
contribute significantly to polarizability, charge transfer interactions, and enhanced nonlinear
optical behavior[14-17]. By introducing suitable dye molecules into the PAS lattice, it is
possible to alter its electronic structure, induce local asymmetry, and improve optical
performance, making the material viable for photonic applications such as laser frequency
conversion, optical switching, and optical limiting.

Malachite green (MQG) is a cationic triphenylmethane dye known for its strong
absorption in the visible region and excellent nonlinear optical properties[18,19]. It has the
chemical formula C23H2sN2Cl. Its extensive conjugated m-electron system enables significant
charge delocalization, resulting in enhanced third-order NLO effects such as nonlinear
absorption and refraction. The incorporation of MG into PAS is expected to influence crystal
growth kinetics, modify lattice parameters, and introduce defect states that facilitate
improved optical and dielectric properties. Malachite green dye’s interaction with sulfate and
aluminum ions in PAS may lead to localized charge redistribution, thereby further enhancing
the material's nonlinear response.

To the best of our knowledge, this is the first study to explore the effect of Malachite
Green doping in potash alum and its influence on structural, optical, thermal, and nonlinear
optical properties.

Characterisation Studies

The grown pure and methyl orange (MO)-doped potassium aluminum sulfate (potash
alum) crystals were subjected to various characterization techniques to evaluate their
structural, spectral, optical, thermal, and nonlinear optical (NLO) properties. To confirm the
phase purity and crystallinity of the grown crystals, powder X-ray diffraction (PXRD)
analysis was carried out using a Bruker Advance D8 diffractometer, scanning over a 20 range
of 10° to 90° with a step size of 0.08°. To study molecular vibrations and confirm the
presence of functional groups, Fourier-transform infrared (FTIR) spectroscopy was
performed in ATR mode using a Thermo Nicolet 380 FTIR spectrophotometer within the
400-4000 cm™ range at room temperature. Optical transparency and electronic transitions of
the grown crystals were analyzed using UV-Vis absorption spectroscopy, carried out on a
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Systronics Double Beam UV-Vis Spectrophotometer in the wavelength range of 190-1100
nm.

To assess the thermal stability, thermogravimetric analysis (TGA) and differential
thermal analysis (DTA) were conducted using a Perkin-Elmer Diamond TG-DTA instrument
under a nitrogen atmosphere. The nonlinear optical (NLO) properties of the grown crystals
were analyzed using the Z-scan technique with a continuous-wave He-Ne laser (632.8 nm)
having a beam diameter of 5 mm and a peak intensity of 14.25 kW/m?. The transmittance was
recorded at a finite aperture in the far field while the sample was moved along the z-axis,
allowing the measurement of third-order nonlinear optical responses such as optical limiting
and multi-photon absorption.

Material Synthesis and Single crystal growth:

High-quality single crystals of pure potassium aluminum sulfate dodecahydrate (PAS)

were successfully grown using the slow evaporation solution growth technique. Merck-grade
KAI(S0a4)2-12H20 was dissolved in double-distilled water to prepare a saturated solution. The
solution was continuously stirred at room temperature until complete dissolution was
achieved. To ensure purity, it was filtered using Whatman filter paper and placed in a
temperature-controlled bath, where it was left undisturbed to undergo slow evaporation under
controlled conditions. After five days, spontaneous nucleation occurred, leading to the
formation of high-quality seed crystals. A well-developed, transparent seed crystal was
carefully selected and suspended in the supersaturated solution to facilitate uniform growth.
Within 12 days, a colorless, transparent single crystal of PAS with dimensions of 15 x 15 x
10 mm? was successfully obtained.
For the synthesis of MG-doped PAS crystals, 1 mol Malachite Green (MG) was introduced
into the saturated PAS solution. The growth conditions remained identical to those used for
pure PAS crystals. The presence of MG influenced the crystallization process, extending the
growth period. Doped crystals began forming within 10 days, and after 22 days, a well-
developed MG-doped PAS crystal with dimensions of 11 x 11 X 5 mm?® was obtained. The
doped crystal exhibited a distinct coloration, confirming successful dye incorporation while
maintaining structural integrity, transparency, and well-defined edges. Figures 1(a) and 1(b)
depict the as-grown pure and MG-doped PAS crystals, respectively.
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Fig. 1. a) Single Crystal Pure PAS b) MG-PAS
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Results and Discussion
Powder X-ray diffraction (PXRD) studies

Powder X-ray diffraction (PXRD) analysis was conducted to examine the structural
modifications induced by Malachite Green (MG) doping in potassium aluminum sulfate
dodecahydrate (PAS). The diffraction patterns of pure PAS were analyzed and compared with
reference data from the Crystallography Open Database (COD) entry no. 1011177,
confirming phase purity and structural integrity. Using GSAS-II software, the
crystallographic parameters of pure and MG-doped PAS (MG-PAS) were refined, revealing
subtle variations caused by dye incorporation. The PXRD patterns for both samples are

displayed in Figure 2.
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Fig. 2. X-ray powder diffraction patterns of as-grown pure and MG-doped PAS single
crystals.

The diffraction peaks in pure PAS were sharp and well-defined, indicating excellent
crystallinity with minimal internal strain. In contrast, MG-PAS exhibited minor peak shifts
and broadening, suggesting lattice distortions induced by the presence of MG molecules
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within the PAS matrix. These shifts may result from local strain and slight unit cell
expansion, as the dye molecules interact with the PAS framework.

The full width at half maximum (FWHM) values remained low in both cases,
confirming that the crystal quality was well-preserved despite doping. However, the subtle
peak distortions in MG-PAS indicate a modification in crystal packing, which could influence
its optical and electronic behavior. The successful integration of MG within the PAS lattice
without disrupting its fundamental cubic structure suggests that dye doping has introduced
localized electronic effects rather than a complete structural transformation.

A comparative summary of the crystallographic parameters for pure and MG-PAS is
provided in Table 1.

Table no.1 Lattice parameters of Pure and MG-doped Potash alum.

PAS PAS PAS MG-PAS
Crystal data | (Reported Work) | (Present work | (From COD) | (Present work
PWXRD) [20] PWXRD) ID: 1011177 PWXRD)
a(A) 12.15 12.19 12.18 12.22
b (A) 12.15 12.19 12.18 12.22
c(A) 12.15 12.19 12.18 12.22
a 90 90 90 90
B 90 90 90 90
Y 90 90 90 90
Volume (A%) 1793.6 1813 1806.9 1823
System Cubic Cubic Cubic Cubic
Space group Pa3 Pa3 Pa3 Pa3

Structural analysis of pure and MG-doped PAS crystals indicated slight variations in
lattice parameters, likely resulting from the incorporation of MG molecules into the crystal
framework. These subtle changes imply a minor expansion or distortion of the unit cell while
retaining the inherent Pa-3 symmetry of the parent crystal structure.

FT-IR spectral analysis

The FTIR spectra of pure PAS and malachite green-doped PAS (MG-PAS) are
presented in Figure 3, recorded in the range of 400—4000 cm™ to analyze the vibrational
modes of different functional groups. In the spectrum of pure PAS, a broad peak at 3355 cm™
corresponds to the O—H stretching vibration of water molecules present in the crystal lattice.
The absorption peak at 2454 cm™ is associated with hydrogen bonding interactions within the
PAS structure. A sharp peak observed at 1622 cm™ is attributed to the H-O-H bending
vibration from water molecules. The characteristic symmetric and asymmetric stretching
vibrations of the sulfate (SO+*") group are observed at 1401 cm™, 1186 cm™, and 1084 cm™,
confirming the presence of sulfate anions in PAS. Furthermore, peaks at 917 cm™, 693 cm™,
and 596 cm™ correspond to Al-O stretching vibrations, essential for maintaining the PAS
crystal structure.
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Fig. 3 FTIR spectrum for a) pure PAS and b) MG-PAS

In contrast, the FTIR spectrum of MG-PAS exhibits notable differences, confirming
the successful incorporation of malachite green into the PAS lattice. The O—H stretching
vibration shifts slightly to 3369 cm™ and 3343 cm™, indicating interactions between the PAS
lattice and malachite green molecules. The presence of C—H stretching vibrations in MG-PAS
at 2980 cm™!, The N—H bending vibration of malachite green appears at 1639 cm™, which is
not observed in pure PAS, further supporting the successful doping process. The sulfate
(SO4+*) stretching vibrations in MG-PAS appear at 1391 cm™, 1258 cm™, and 1189 cm™,
showing minor shifts compared to pure PAS, suggesting slight lattice distortions due to
doping. Additionally, the C=N stretching vibration of malachite green is observed at 1103
cm™', confirming its presence within the PAS lattice. The Al-O stretching vibrations at 611
cm! and 590 cm™ in MG-PAS show slight shifts compared to the PAS peak at 596 cm™,
indicating structural modifications due to doping.

These spectral changes confirm that pure PAS contains no carbon-based functional
groups, while the incorporation of malachite green alters the vibrational spectrum by
introducing additional peaks.

Table no.2 FTIR Peak Assignments for Pure Potash Alum and MO-Doped Potash Alum

W b
a‘;zi:?)l °r Assignments for Pure PAS Assignments for MG-Doped PAS
—H stretching of h - t
O-H stretching vibration of O-H stretching o ydrogen bonded Wrd “
3355 molecules, N-H stretching of malachite
water (H20) green
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Wavenumber . .
(em) Assignments for Pure PAS Assignments for MG-Doped PAS
. N Asymmetric and symmetric N-H
—H stretch t f
3369, 3343 | OHstretching vibrationof 1 o of the NH: group in malachite
water (H20)
green
2980 O—H stretching vibration of C—H stretching vibration of malachite
water (H20) green (aromatic)
O-H stretching of strongly )
O-H stretch f strongly hyd -
2454 hydrogen-bonded water SUCLCINg O STongly lycrogen
bonded water molecules
molecules
1639 - N-H bending vibration of malachite green
H-O—-H bendi ibration of
1622 O eHcing vibration 6 H—O-H bending vibration of water (H20)
water (H20)
Symmetric SO4>~ stretching Symmetric SO4>~ stretching vibration
1401 o . .
vibration (slightly shifted)
1391 C=C stretching of malachite green
(aromatic)

1258 - C—N stretching of malachite green
1186 S=0 asymmetric stretching S=0 asymmetric stretching vibration of
vibration of sulfate (SO+*")[1] sulfate (SO4*)

S=0 asymmetric stretching (slightly
1189 - . .
shifted due to doping)

1103 — C=N stretching of malachite green
1084 S=0 symmetric stretching S=0 symmetric stretching vibration of
vibration of sulfate (SO+*)[1] sulfate (SO4*)

973 Aromatic C—H bending vibration of
malachite green

S—O stretchi ibration of . o
917 > srzltc‘atlen(gS\g; a; 1on o S—O stretching vibration of sulfate (SO+*")
693 0O-S—O bending vibration of O-S—-O bending vibration of sulfate
sulfate (SO+*) (SO+*)

611 Al-O stretching vibration (slightly shifted
due to doping)

596 Al-O stretching vibration —

590 — Al-O stretching vibration of doped PAS

UV VIS spectral analysis

The UV-Vis transmittance spectra of pure potash alum (PAS), malachite green-doped
PAS (MG-PAS), and malachite green dye (MG) are presented in Figure no.4. The pure PAS
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crystal exhibits a high transmittance across the visible range, with minimal absorption,
demonstrating its excellent optical transparency.

For MG-PAS, the incorporation of malachite green dye results in the appearance of
distinct absorption bands at 313 nm, 424 nm, and 607 nm, which correspond to the
characteristic electronic transitions of malachite green. The absorption peak at 313 nm
corresponds to m—m transitions in MG’s phenyl rings, while the 424 nm band originates from
n—7n* transitions in its conjugated chromophore (—-N=CH-Ph framework). The peak at 607
nm corresponds to the charge transfer transitions influenced by the molecular interactions
between the MG dye and the PAS host lattice[18].

Compared to pure PAS, the MG-doped PAS crystal exhibits a reduction in
transmittance, indicating electronic interactions between the MG dye molecules and the PAS
lattice. The transmission cut-off wavelength shifts from 216 nm in pure PAS to above 230 nm
in MG-PAS, confirming modifications in the optical band gap due to doping. The average
transmittance in the visible region remains high, with MG-PAS maintaining reasonable
transparency while incorporating the dye molecules.

These results confirm the successful incorporation of malachite green into the PAS
matrix, leading to notable changes in its optical absorption characteristics. Such
modifications suggest the potential application of MG-PAS crystals in nonlinear optics,
photonics, and dye-based optical devices.
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Fig. 4. UV transmission spectra for a) pure PAS and b) MO-PAS
To further analyze the optical properties, the optical absorption coefficient (o) was
calculated from transmittance (T) using the relation:
a=(2303log(1/T))/d ... (1)
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where d = 4 mm is the crystal thickness.
For direct band gap materials like potash alum crystals, the absorption coefficient (o)
and photon energy (hv) follow the Tauc relation:

(ahv)? =A(hv—-E,) 2)
where A is a constant, and Eg is the optical band gap. Tauc plots (Figure 5) were used to
determine the band gaps for pure PAS and MO-PAS by extrapolating the linear portion of
(ahv)? vs. hv to the x-axis.
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Fig. 5. Tauc’s plot for a) pure PAS and b) MG-PAS

The optical band gap of pure PAS (5.60 eV) decreased to 5.32 eV upon malachite
green (MG) doping, confirming modified electronic properties. This reduction arises from
new defect states introduced by MG, which lower the energy required for electron transitions.
Comparable band gap narrowing has been observed in dye-doped crystalline systems,
including methyl orange-modified K>SO+ and potassium pentaborate octahydrate
(MOPPB)[21,14]. The doped crystals also exhibit broad optical transparency across visible
and near-infrared wavelengths, making MG-PAS a promising candidate for nonlinear optical
(NLO) devices and integrated photonics.

Thermal analysis

The thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of
pure PAS and MG-PAS crystals are shown in Figures 6 and 7, respectively.
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Fig. 6. TGA-DTA curve for PAS.
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Fig. 7. TGA-DTA curve for MG-PAS.
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The thermal behavior of Malachite Green (MG)-doped Potash Alum (PAS) crystals
was analyzed using Thermogravimetric Analysis (TGA) and Differential Thermal Analysis
(DTA), revealing significant modifications in thermal stability and decomposition patterns
due to MG incorporation. The thermal decomposition of PAS (Potash Alum) follows a three-
stage degradation process, closely resembling the thermal behavior of reported literature [22-
24].In pure PAS, a structural phase transition occurs at approximately 106°C, whereas in
MG-doped PAS, this transition shifts to 118°C, indicating enhanced lattice stability. This shift
is attributed to the amine (-N(CHs)2) groups of MG, which likely form hydrogen bonds with
sulfate and water molecules in the PAS lattice, reinforcing the crystal structure and increasing
the energy required for phase transition.

The dehydration process in pure PAS occurs in two primary steps: the release of
loosely bound water around 137°C and the elimination of tightly bound water near 232°C. In
MG-doped PAS, these dehydration temperatures increase slightly to 118°C and 242°C,
suggesting stronger interactions between water molecules and MG’s functional groups. MG's
amine (-N(CHs)2) groups contribute to enhanced hydrogen bonding, making it necessary to
supply more thermal energy to disrupt and release water molecules from the crystal
structure[18].

Upon further heating, PAS undergoes complete decomposition around 700°C,
breaking down into potassium sulfate (K.SOs), aluminum oxide (Al:Os), and sulfur trioxide
(SOs) gas[24]. In MG-doped PAS, the final decomposition shifts to approximately 869°C,
indicating improved thermal stability. This enhancement can be attributed to m-n interactions
between the aromatic rings of MG and the PAS matrix, which strengthen intermolecular
forces and delay the breakdown of the crystal lattice.

The incorporation of MG into PAS not only enhances its thermal stability but also
influences its phase transition mechanisms, making MG-doped PAS more resistant to
structural degradation at high temperatures. This increased thermal resilience is of significant
scientific interest, as it suggests potential applications in nonlinear optics, dielectric materials,
and thermal sensing technologies, where materials must withstand extreme thermal and
structural conditions.

Z-Scan Analysis

The third-order nonlinear optical (NLO) properties of MG-PAS crystals were studied
using the Z-scan technique with a 632.8 nm He-Ne laser. The beam, adjusted to 5 mm, was
focused onto a 1 mm-thick sample using a 200 mm focal length convex lens. The sample was
scanned along the Z-axis, and a photodetector with a digital power meter recorded the
transmitted intensity. In the closed-aperture setup, a 2 mm-radius aperture was used to
determine the nonlinear refractive index (n2), while in the open-aperture setup, the nonlinear
absorption coefficient () was measured. The results indicate that MG-PAS crystals exhibit
significant NLO properties, making them promising for optical switching and photonic
applications.

The open- and closed-aperture Z-scan transmittance curves of pure PAS and MG-PAS
crystals are graphically represented in Figures 7a, 7b, 8a, and 8b.
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The Z-scan analysis of MG-doped PAS (MG-PAS) crystals in the closed-aperture
configuration exhibits a pre-focus peak followed by a post-focus valley, confirming a
negative nonlinear refractive index (n2). This self-defocusing behavior arises due to thermal
lensing effects, where high-intensity laser irradiation alters the refractive index across the
crystal surface[25]. The negative n: results from localized thermal accumulation caused by
the repetitive exposure to the 632.8 nm He-Ne laser, making MG-PAS suitable for optical
limiting and all-optical switching applications[26,27].

The open-aperture Z-scan data reveal reverse saturable absorption (RSA),
characterized by decreased transmittance at the focal point compared to peripheral positions.
This suggests a dominant excited-state absorption (ESA) mechanism, where nonlinear
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absorption increases due to multi-photon absorption (MPA) under high-intensity light. The
incorporation of MG molecules enhances the third-order NLO response due to intramolecular
charge transfer (ICT) between donor (—N(CHs)2) and acceptor (—Cl) groups. This charge
transfer strengthens the dipole moment variation upon laser excitation, significantly
improving the nonlinear refractive index (nz2) and RSA.[26]

These findings confirm that MG-PAS crystals exhibit superior nonlinear optical
properties, making them highly suitable for 3D fluorescence imaging, optical switching,
optical limiting, microfabrication, and frequency up-conversion applications. The essential
formulae for computing n2, B, and y* are well-documented in the literature,[28] with the
systematically obtained values summarized in Table 3.

Table no. 3 Third-order nlo parameters of PAS, MO-PAS crystals.

NLO parameters PAS MG-PAS
Laser beam wavelength (1) 632.8 nm 632.8 nm
Optical bath length 85 cm 85 cm
Beam radius of the aperture (ma) 4.5 mm 4.5mm
Aperture radius (ra) 2.0 mm 2.0mm
Sample thickness (L) 1.0 mm 1.0 mm
Effective thickness (Leff) 4.6674 mm 4.5351 mm
3.5928 x 1071 (m? /

Nonlinear refractive index (n2) 5.3411 x 1071 (m?/ W)

W)

Nonlinear absorption coefficient () | 1.1538 x 102 (m/W) 1.4844 x 10 (m/W)

Real part of third-order susceptibility

1.9329 x 10 esu 2.8734x 10 esu
(Re(x3))

Imaginary part of third-order

3.1276 x 107 4.0235x 107
susceptibility (Im(y3)) X esu X esu

Third-order nonlinear optical

3.1335 x 107 esu[29] | 4.0338 x 107
susceptibility (x3) x 107 esu[29] x 107 esu

Malachite Green (MG) enhances the nonlinear optical (NLO) properties of Potash
Alum (PAS) through its m-conjugated system, intramolecular charge transfer (ICT), and
multi-photon absorption (MPA). The delocalized m-electrons in MG increase polarizability,
strengthening both the nonlinear refractive index (n2) and nonlinear absorption coefficient
(B)- MG doping also reduces the optical band gap (from 5.60 eV in PAS to 5.32 eV in MG-
PAS), facilitating stronger electronic transitions and amplifying NLO effects. The Z-scan
results confirm a negative nonlinear refractive index (nz) due to thermal lensing and reverse
saturable absorption (RSA) from excited-state absorption (ESA)[29]. These enhancements
make MG-PAS a promising material for optical switching, limiting, and photonic
applications, with y(3) values outperforming several other NLO crystals (Table 4).
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Table no. 4 Third-order nonlinear optical comparison.

Crystal Third-order susceptibility (x®) References

MG-PAS 4.0338 x 107 esu Present work
CV-L-PCCM 4.826 x 1077 esu [30]
MgSO4-SA 6.32 x 107'% esu [31]
KCL-SA 7.848 x 10 "1%esu [32]
KDP 3.72 x 10" esu [33]

Conclusion

Pure PAS and Malachite Green (MG)-doped PAS crystals were successfully grown
using the slow evaporation solution technique, and the influence of MG doping on their
structural, optical, thermal, and nonlinear optical properties was systematically examined.
PXRD analysis confirmed that MG incorporation did not disrupt the cubic structure of PAS
but enhanced crystallinity, indicating strong molecular interactions within the PAS matrix.
FTIR spectra revealed shifts in vibrational modes due to electrostatic interactions between
MG's positively charged cations and the sulfate (SO4>") groups in PAS, along with additional
hydrogen bonding effects from MG’s amine (-N(CHs)2) groups.

UV-Vis analysis demonstrated a decrease in the optical band gap from 5.60 eV (pure

PAS) to 5.32 eV (MG-PAS), suggesting that MG-induced electronic transitions facilitate
stronger charge transfer interactions within the PAS matrix. This is attributed to the m-
conjugated system of MG, which enhances dipole interactions, leading to increased
polarizability. Thermal analysis revealed that MG doping improved lattice stability by
shifting the phase transition temperature from 106°C (pure PAS) to 118°C (MG-PAS). This
enhancement arises from stronger electrostatic interactions between MG* and SO+*, as well
as m-n stacking effects between MG molecules and the sulfate network, leading to increased
thermal resilience.
The nonlinear optical (NLO) properties of MG-PAS exhibited substantial improvements. The
nonlinear refractive index (nz) increased from 3.5928 x 107 m*/W (pure PAS) to 5.3411 x
107 m?»/W (MG-PAS), while the nonlinear absorption coefficient (f) increased from 1.1538
x 1072 m/W to 1.4844 x 1073 m/W. The real and imaginary parts of the third-order nonlinear
optical susceptibility (%*) also exhibited significant enhancement, leading to an overall
increase from 3.1335 x 107 esu (pure PAS) to 4.0338 x 107 esu (MG-PAS). These
enhancements arise from intramolecular charge transfer (ICT), multi-photon absorption
(MPA), and local field effects induced by MG doping. The self-defocusing nature of MG-
PAS, evident from the negative nonlinear refractive index, makes it highly suitable for optical
limiting and photonic switching applications.

The incorporation of MG into PAS significantly enhances its crystallinity, optical
properties, thermal stability, and nonlinear optical behavior. These findings establish MG-
PAS as a promising material for advanced photonic and optoelectronic applications,
particularly in nonlinear optics, optical limiting, and thermal sensing technologies.
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