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Abstract 
 

For the first time, Methyl Orange (MO)-doped potash alum (PAS) single crystals of 
significant size were successfully grown using the slow evaporation technique at room 
temperature. Powder X-ray diffraction (PXRD) analysis confirmed enhanced crystallinity 
while retaining the cubic Pa-3 space group. Fourier-transform infrared (FT-IR) spectroscopy 
verified MO incorporation, with spectral shifts indicating strong host-guest interactions. UV-

Vis studies revealed a reduced band gap in the doped crystals. Thermal gravimetric and 
differential thermal analysis (TGA-DTA) demonstrated improved stability, with the phase 
transition temperature increasing for pure PAS to MO-doped PAS, attributed to hydrogen 
bonding and π-π stacking. The final decomposition temperature also rose from 700°C to 
991°C, indicating enhanced lattice rigidity. Surface morphology analysis showed fewer 
defects in doped crystals, confirming superior quality. Z-scan measurements revealed a 
significant increase in third-order nonlinear susceptibility (χ³: 3.1335 × 10⁻⁷ esu → 5.7571 × 
10⁻⁷ esu), along with higher nonlinear refractive index (n₂) and absorption coefficient (β). 
These results highlight the exceptional structural, optical, thermal, and nonlinear optical 
properties of MO-doped PAS crystals, positioning them as promising candidates for photonic 
devices, nonlinear optics, and thermal sensor applications. 
 

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

Introduction 

 

Sulfate-based crystals belong to a diverse family of materials with a wide range of 
optical, electrical, and structural properties[1,2]. These materials are known for their excellent 
transparency, high thermal stability, and structural tunability, making them suitable for 
applications in optics and photonics. Many sulfate compounds crystallize in various structural 
configurations, including orthorhombic, monoclinic, and trigonal systems, which influence 
their nonlinear optical (NLO) behavior. Among sulfate-based crystals, compounds such as 
potassium liyhium sulfate (KTS), lithium sulfate monohydrate have demonstrated promising 
second- and third-order NLO responses[3-7] .  
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Inorganic materials exhibit high nonlinear coefficients, phase-matching capabilities, 
and efficient frequency conversion properties, making them essential in laser technology, 
frequency doubling (SHG), and ultrafast optical switching [8-14]. The incorporation of 
dopants further enhances these characteristics, improving their suitability for advanced 
photonic applications. Potassium aluminum sulfate (PAS) dodecahydrate, commonly known 
as alum (KAl(SO₄)₂·12H₂O), is a widely studied sulfate crystal with notable optical 
properties. While it is primarily used in industrial and medicinal applications [15-20], its 
structural characteristics suggest the potential for nonlinear optical (NLO) behavior. Alum 
exhibits high transparency in the UV-Vis region, making it a suitable candidate for optical 
coatings and photonic devices. A water-based hydrogen bonding network in its dodecahydrate 
form influences its polarizability and dielectric properties, which are crucial for nonlinear 
optical interactions.[21-23] However, its cubic centrosymmetric structure naturally limits 
second-order NLO effects. To overcome this limitation, doping with organic molecules or 
transition metals can introduce structural distortions, breaking centrosymmetry and enhancing 
NLO response[24,25]. 

One effective approach to enhancing the nonlinear optical properties of crystalline 
materials is dye doping. Organic dyes possess delocalized π-electron systems, which 
contribute to strong polarizability and nonlinear susceptibility. When incorporated into host 
crystals, these dye molecules introduce new electronic transitions which increase multi-
photon absorption and optical limiting properties [26-29]. Among various dyes, methyl 
orange (MO) is particularly notable for its strong π-electron conjugation, which significantly 
influences optical properties. Methyl Orange (MO) doping alters the electronic band 
structure, shifting the absorption edge toward the visible region, which is particularly 
beneficial for applications such as photonic switching and laser modulation. The azo (-N=N-) 
group in Methyl Orange interacts with the host material, potentially enhancing the nonlinear 
optical (NLO) properties.[27-32] 

To the best of our knowledge, this study is the first to introduce the doping effect of 
Methyl Orange, an organic dye, into potash alum and explore its influence on the material's 
structural, optical, 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 2θ 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⁻¹ range at room temperature. Optical transparency and electronic transitions of 
the grown crystals were analyzed using UV-Vis absorption spectroscopy, carried out on a 
Systronics Double Beam UV-Vis Spectrophotometer in the wavelength range of 190–1100 
nm. 
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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 93.25 kW/m². 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) 
(potash alum) were successfully grown using the slow evaporation solution growth technique. 
Merck-grade KAl(SO₄)₂·12H₂O was dissolved in double-distilled water to prepare a saturated 
solution. The solution was stirred continuously 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, 
resulting in 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 potash alum with 
dimensions of 15 × 15 × 10 mm³ was successfully obtained. 

For the synthesis of MO-doped potash alum crystals, 1 mol% methyl orange (MO) 
was introduced into the saturated potash alum solution. The growth conditions remained 
identical to those used for pure crystals. The presence of MO influenced the crystallization 
process, extending the growth period. Doped crystals began forming within 10 days, and after 
24 days, a well-developed MO-doped potash alum crystal with dimensions of 12 × 10 × 6 
mm³ 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 MO-doped potash alum crystals, 
respectively.  
 

 

 

 

 

 

 

 

 

 

 

Fig. 1. a) Single Crystal Pure (PAS) b) MO-PAS 
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Results and Discussion 

 

Powder X-ray diffraction (PXRD) studies 

 

Powder X-ray diffraction (PXRD) analysis was performed to investigate the structural 
properties of both pure and Methyl Orange-doped potash alum crystals. The diffraction 
patterns of pure potash alum were compared with the reference crystallographic data from the 
Crystallography Open Database (COD) entry no. 1011177. The observed peaks matched well 
with the reference phases, confirming the identity and phase purity of the synthesized 
crystals. Using GSAS II software, the XRD data were analyzed to identify the crystal 
structure and calculate the lattice parameters for both pure and doped crystals. The powder X-

ray diffraction pattern of pure potash alum and MO-doped potash alum is shown in Figure 
No.2  This analysis confirmed that the incorporation of Methyl Orange did not alter the 
fundamental crystal structure of potash alum.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. X-ray powder diffraction patterns of as-grown pure and MO-doped PAS single 
crystals. 

The lattice parameters for both pure and Methyl Orange-doped potash alum crystals 
were determined, and a detailed comparison of the PXRD data is presented in Table 1. The 
obtained diffraction pattern exhibits sharp and well-defined peaks, indicating superior 
crystallinity and minimal lattice strain in pure potash alum. For Methyl Orange (MO)-doped 
potash alum, slight peak distortions are observed, which can be attributed to lattice strain 
induced by the incorporation of the dopant. The low full width at half maximum (FWHM) 
values further confirm the high crystalline quality of the grown crystals, a critical factor for 
enhanced optical and electronic properties. The presence of well-defined Bragg peaks 
suggests uniform crystal growth and a reduction in internal defects, underscoring the high 
quality of the synthesized materials. 

Table no.1 Lattice parameters of Pure and MO doped Potash alum. 
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Crystal data 

PAS 

(Reported Work) 

PWXRD) [33] 

PAS 

(Present work 

PWXRD) 

PAS 

(From COD) 

ID: 1011177 

MO-PAS 

(Present work 

PWXRD) 

a (Å) 12.15 12.19 12.18 12.20 

b (Å) 12.15 12.19 12.18 12.21 

c (Å) 12.15 12.19 12.18 12.21 

α 90 90 90 90 

β 90 90 90 90 

γ 90 90 90 90 

Volume (Å3) 1793.6  1813 1806 1821 

System Cubic Cubic Cubic Cubic 

Space group Pa-3  Pa-3  Pa-3  Pa-3  

 

A comparative structural analysis between pure and MO-doped potash alum crystals 
revealed that doping led to subtle modifications in lattice parameters, likely due to the 
incorporation of MO molecules into the crystal lattice. These minor changes suggest that the 
dopant slightly influences the overall unit cell dimensions while preserving the fundamental 
Pa-3 symmetry of the host material.  
 

FT-IR spectral analysis 

 

Fourier Transform Infrared (FTIR) spectrum for pure and MO-doped potash alum is 
shown in Figure 3. The FTIR spectrum was recorded in the range of 400–4000 cm⁻¹. The 
band at 3355.18 cm⁻¹ corresponds to the O–H stretching vibration of water in potash 
alum,[15] while the peaks at 2980.70 cm⁻¹ and 2887.75 cm⁻¹ are attributed to C–H stretching 
vibrations from Methyl Orange. The symmetric and asymmetric stretching vibrations of the 
sulfate (SO₄²⁻) group are observed at 1089.48 cm⁻¹ and 1184.37 cm⁻¹, respectively. The 
significant peaks at 1681.17 cm⁻¹ and 1550.86 cm⁻¹ are due to the azo (–N=N–) stretching 
vibrations of Methyl Orange.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 FTIR spectrum for a) PAS and b) MO-PAS 
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The interaction between Methyl Orange and potash alum results in additional peaks, 
such as aromatic C=C stretching at 1602.97 cm⁻¹ and C–N stretching at 1277.66 cm⁻¹, 
indicating successful doping. Slight shifts in peak positions and intensities, such as the O–H 
stretching of strongly hydrogen-bonded water molecules at 2454.47 cm⁻¹ and the Al–O 
stretching vibration at 595.40 cm⁻¹, suggest chemical modifications caused by the 
incorporation of Methyl Orange into the potash alum lattice.  Figure 2 shows the FTIR 
spectra of pure and MO-doped potash alum, and Table 2 provides the detailed vibrational 
band assignments. These changes provide insights into the doping process and the molecular 
interactions between the dopant and the host material. 

 

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

Wavenum
ber (cm⁻¹) 

Assignments for Pure Potash 
Alum 

Assignments for MO-Doped Potash 
Alum 

3355.18 
O–H stretching vibration of 
water (H₂O) 

Asymmetric and symmetric N-H 
stretching of the NH3 group, C–H 
stretching of the CH2 group, 
And O-H stretching of the hydrogen-

bonded carboxyl group [30] 

2980.70 P-OH stretching vibrations [30] C–H stretching vibration of 
(aromatic)[34] 

2887.75 P-OH stretching vibrations C–H stretching vibration of (aromatic) 

2454.47 

O–H stretching of strongly 
hydrogen-bonded water 
molecules 

O–H stretching of strongly hydrogen-

bonded water molecules 

1741.55 - 
C=O stretching vibration (impurities or 
degradation products) 

1681.17 - 
Azo (–N=N–) stretching vibration of 
Methyl Orange 

1649.96 
H–O–H bending vibration of 
water (H₂O) 

H–O–H bending vibration of water 
(H₂O) 

1602.97 – 
Aromatic C=C stretching vibration of 
Methyl Orange 

1550.86 – 
Azo (–N=N–) stretching vibration of 
Methyl Orange[31] 

1442.47 – 
Aromatic C=C stretching vibration of 
Methyl Orange 

1402.13 – 
Symmetric SO₃⁻ stretching vibration 
(Methyl Orange or alum) 

1277.66 – 
C–N stretching vibration of Methyl 
Orange 

1184.37 S=O asymmetric stretching S=O asymmetric stretching vibration of 
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Wavenum
ber (cm⁻¹) 

Assignments for Pure Potash 
Alum 

Assignments for MO-Doped Potash 
Alum 

vibration of sulfate (SO₄²⁻) sulfate (SO₄²⁻) 

1089.48 
S=O symmetric stretching 
vibration of sulfate (SO₄²⁻) 

S=O symmetric stretching vibration of 
sulfate (SO₄²⁻) 

971.94 
S–O stretching vibration of 
sulfate (SO₄²⁻) 

S–O stretching vibration of sulfate 
(SO₄²⁻) 

898.18 – 
Aromatic C–H out-of-plane bending 
vibration of Methyl Orange 

767.29 
O–S–O bending vibration of 
sulfate (SO₄²⁻) 

O–S–O bending vibration of sulfate 
(SO₄²⁻) 

659.00 
O–S–O bending vibration of 
sulfate (SO₄²⁻) 

O–S–O bending vibration of sulfate 
(SO₄²⁻) 

595.40 Al–O stretching vibration Al–O stretching vibration 

 

UV VIS spectral analysis   
The optical characteristics of a material play a crucial role in its potential applications 

in optoelectronic and photonic devices. Crystals with high transmittance and a shorter cut-off 
wavelength (typically in the 200–400 nm range) are preferred as they allow efficient light 
transmission while minimizing unwanted absorption. The UV-Vis transmittance spectra of 
methyl orange dye (MO), pure potash alum (PAS), and methyl orange-doped potash alum 
(MO-PAS) single crystals are presented in Figure 4. Methyl orange dye in aqueous solution 
exhibits two characteristic absorption bands: a sharp UV peak at ~228 nm (attributed to the 
π→π* transition of its benzene ring) and a broad visible band between 440–465 nm (due to 
the n→π* transition of the azo (-N=N-) group). These transitions confirm the presence of 
organic chromophores in the dye structure. 

In the MO-PAS crystal, notable absorption peaks at 337 nm and 517 nm indicate the 
successful incorporation of methyl orange into the potash alum matrix. Compared to pure 
PAS, the doped crystal exhibits a reduction in transmittance, suggesting electronic 
interactions between the dye molecules and the host lattice. The transmission cut-off 
wavelength shifts from 216 nm (pure PAS) to 229 nm (MO-PAS), indicating modifications in 
the optical properties due to doping. The average transmittance in the visible region is 
observed to be 87% for PAS, whereas MO-PAS shows a slightly lower transmittance of 82%, 
confirming the influence of methyl orange on the optical transparency of the crystal. 
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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 (α) was 
calculated from transmittance (T) using the relation: 𝛼 = (2.303 𝑙𝑜𝑔 (1/𝑇))/𝑑                                ………(1)       
where d = 5 mm is the crystal thickness. 

For direct band gap materials like potash alum crystals, the absorption coefficient (α) 
and photon energy (hν) follow the Tauc relation:  (αhν)2 = A(hν − Eg)                                       ………(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 
(αhν)2 vs. hν to the x-axis.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Tauc’s plot for a) pure PAS and b) MO-PAS 

 

The analysis revealed a band gap of 5.60 eV for pure PAS and 5.17 eV for MO-PAS, 
indicating a reduction upon methyl orange incorporation. This decrease in band gap can be 
attributed to the introduction of additional electronic states, facilitating easier electron 
transitions. Similar band gap modifications have been observed in methyl orange-doped 
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K₂SO₄ crystals and potassium penta borate octa hydrate (MOPPB) single crystals [35,30]. 
The observed reduction in band gap, along with the high optical transmittance in the visible 
and near-IR regions, suggests that MO-PAS crystals could be potential candidates for non-

linear optical (NLO) applications and photonic devices. 
 

Thermal analysis 

 

The thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of 
pure PAS and MO-PAS crystals are shown in Figures 6 and 7 respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.  TGA-DTA curve for PAS. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.  TGA-DTA curve for MO-PAS. 
The TGA-DTA analysis of pure PAS and MO-doped PAS crystals reveals distinct 

phase transitions, dehydration steps, and decomposition patterns, demonstrating the impact of 
MO doping on thermal behavior. In pure PAS, a structural phase transition occurs at ~106°C, 
whereas in MO-doped PAS, this transition shifts to 128°C, indicating that the MO molecules 
enhance lattice stability through additional hydrogen bonding and π-π interactions with PAS 
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molecules. The dehydration process in pure PAS occurs in two major steps, with the first 
stage involving the release of loosely bound water around 157°C, followed by the removal of 
tightly bound water near 247°C. In MO-doped PAS, these dehydration temperatures increase 
slightly, suggesting that the hydrophilic sulfonic (-SO₃⁻) and azo (-N=N-) functional groups 
of MO interact with water molecules, requiring more thermal energy to break these bonds. 

Upon further heating, PAS undergoes complete decomposition around 700°C, 
breaking down into K₂SO₄, Al₂O₃, and SO₃ gas. However, in MO-doped PAS, the final 
decomposition shifts to 991°C, implying enhanced thermal stability. This shift is attributed to 
stronger molecular interactions between MO and the PAS matrix, where the extended 
conjugated system of MO enhances intermolecular forces and delays lattice breakdown. The 
incorporation of MO not only modifies the thermal stability but also influences phase 
transition mechanisms, making MO-doped PAS more resistant to structural collapse at 
elevated temperatures. These modifications are scientifically significant, as they suggest 
potential improvements in thermal resilience, stability, and phase behavior, which are crucial 
for applications in nonlinear optics, dielectric materials, and thermal sensing technologies. 
 

Z-Scan Analysis 

 

 The third-order nonlinear optical (NLO) properties of pure PAS and MO-PAS crystals 
were examined using the Z-scan technique to simultaneously determine the nonlinear 
refractive index (n₂) and nonlinear absorption coefficient (β). A He-Ne laser with a 
wavelength of 632.8 nm was used for this study. The laser beam's diameter was adjusted to 5 
mm using a variable aperture before being directed onto the sample. A convex lens (f = 200 
mm) was employed to focus the beam onto the sample, which had a thickness of 1 mm. The 
sample was mounted on a holder and moved along the Z-axis (propagation axis of the laser 
beam), scanning from the negative (−Z) to the positive (+Z) direction. A photodetector 
connected to a digital power meter was used to record the transmitted intensity through the 
sample. In the closed-aperture configuration, an aperture with a radius of 2 mm was used to 
measure the nonlinear refractive index. In contrast, for the open-aperture setup, the intensity 
was collected directly to determine the nonlinear absorption coefficient (β). 

The open- and closed-aperture Z-scan transmittance curves of pure PAS and MO-PAS 
crystals are graphically represented in Figures 8a, 8b, 9a, and 9b.  
 

 

 

 

 

 

 

 

 

 

 

Fig. 8. a and b. Closed and Open aperture Z-scan curves of grown PAS crystal 



 

Volume 13 Issue 12 Dec 2024                                       ISSN 2456 – 5083  Page 633 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 9. a and b. Closed and Open aperture Z-scan curves of grown MO-PAS crystal 
The Z-scan results of closed aperture configuration reveal a pre-focus peak followed 

by a post-focus valley, indicating a negative (−ve) nonlinear refractive index (n₂) for both 
PAS and MO-PAS. The observed self-defocusing nature is a direct consequence of the 
induced phase shift due to thermal lensing effects, where intense laser irradiation alters the 
spatial energy distribution along the crystal surface [36,37]. 
The negative n₂ is attributed to the influence of localized thermal accumulation from the 
high-intensity and repetitive He-Ne laser beam (632.8 nm), which induces variations in the 
refractive index. This self-defocusing property is beneficial for applications in optical 
limiting and all-optical switching devices.[38] 

The open-aperture Z-scan data indicate the occurrence of reverse saturable absorption 
(RSA) in both samples, as evidenced by the reduced transmittance at the focal point 
compared to peripheral positions.[36] RSA suggests a dominant excited-state absorption 
(ESA) mechanism, where nonlinear absorption is enhanced in the excited state compared to 
the ground state. This phenomenon is commonly facilitated by multi-photon absorption 
(MPA), which leads to increase nonlinear absorption with higher light intensity. The 
incorporation of Methyl Orange (MO) into PAS results in a notable enhancement in the 
TONLO response. MO has donor (–N(CH₃)₂) and acceptor (–SO₃⁻) groups, making it an 
intramolecular charge transfer (ICT) molecule. This means, under laser excitation, electrons 
can move between donor and acceptor sites, creating a strong dipole moment variation. This 
results in enhanced nonlinear refractive index (n₂) and reverse saturable absorption (RSA), 
contributing to self-defocusing behavior. These results indicate that the MO-PAS crystal 
exhibits superior nonlinear optical behavior, making it a promising candidate for 3D 
fluorescence imaging, optical switching, optical limiting, microfabrication, and frequency up 
conversion applications. The essential formulae required for computing n₂, β, and χ³ are well-
documented in the literature [39], and the systematically obtained values are summarized in 
Table 3. 
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Table no. 3 Third-order nlo parameters of PAS, MO-PAS crystals. 
 

NLO parameters PAS MO-PAS 

Laser beam wavelength (λ) 632.8 nm 632.8 nm 

Optical bath length 85 cm 85 cm 

Beam radius of the aperture (ωa) 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 4.0816 mm 

Nonlinear refractive index (n2) 
3.5928 x 10-10 (m2 / 

W) 
6.02585 x 10-10 (m2 / W) 

Nonlinear absorption coefficient (β) 1.1538 x 10-3 (m/W) 2.1206 x 10-3 (m/W) 

Real part of third-order susceptibility 

(Re(χ3)) 1.9329 x 10-8 esu  3.2185x 10-8 esu 

Imaginary part of third-order 

susceptibility (Im(χ3)) 3.1276 x 10-7 esu 5.7479 x 10-7 esu 

Third-order nonlinear optical 

susceptibility (χ3) 3.1335 x 10-7 esu 5.7571 x 10-7 esu 

 

Methyl Orange (MO) enhances the nonlinear optical (NLO) properties of Potash 
Alum (PAS) due to its π-conjugated system, intramolecular charge transfer (ICT), and multi-
photon absorption (MPA) effects. The delocalized π-electrons in MO increase polarizability, 
strengthening the nonlinear refractive index (n₂) and nonlinear absorption coefficient (β). The 
donor (–N(CH₃)₂) and acceptor (–SO₃⁻) groups facilitate charge transfer, leading to reverse 
saturable absorption (RSA) and self-defocusing behavior. 

Correspondingly, MO doping reduces the band gap (from 5.60 eV in PAS to 5.32 eV 
in MO-PAS), making electronic transitions easier and further amplifying NLO effects. The 
local field enhancement due to dipole interactions also contributes to higher third-order 
optical nonlinearity (χ³). These improvements make MO-PAS a promising material for optical 
switching, limiting, and photonic applications. 

 The χ(3) value of MO-PAS is observed to be higher compared to several other NLO 
crystals, as presented in Table 4.  
 

Table no. 4 Third-order nonlinear optical comparison. 

Crystal Third-order susceptibility (χ⁽³⁾) References 

MO-PAS 5.7571 x 10-7 esu Present work 

CV-L-PCCM 4.826 × 10−7 esu  [40] 
MgSO4-SA 6.32 × 10⁻10 esu [41] 

KCL-SA 7.848 × 10 −10esu [42] 
KDP 3.72 × 10⁻14 esu [43] 
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Conclusion 

 

The bulk-sized single crystals of pure PAS and Methyl Orange (MO)-doped PAS were 
successfully grown using the slow evaporation solution technique at room temperature, and 
the influence of MO dye on various key properties was systematically investigated for the 
first time. Powder X-ray diffraction (PXRD) analysis confirmed that both pure and MO-

doped PAS crystals retain a cubic crystal structure with the space group Pa-3, and the 
crystallinity of the dyed crystals was found to be enhanced. FT-IR spectroscopy revealed 
noticeable changes in vibrational modes, confirming the incorporation of MO dye into the 
PAS crystal lattice, with an enhancement in spectral intensity. UV-Vis spectroscopy showed 
that while MO-doped PAS exhibited lower overall transmission compared to pure PAS, it 
possessed a broader transmission window. The optical band gap was found to decrease from 
5.65 eV for pure PAS to 5.32 eV for MO-doped PAS, indicating dye-induced modifications in 
the electronic structure. TGA-DTA analysis revealed distinct phase transitions, dehydration 
steps, and decomposition patterns, highlighting the effect of MO doping on thermal behavior. 
The structural phase transition observed at 106°C in pure PAS shifted to 128°C in MO-doped 
PAS, indicating improved lattice stability due to additional hydrogen bonding and π-π 
interactions between MO molecules and the PAS matrix. The dehydration process in pure 
PAS occurred in two major steps, with the release of loosely bound water at 157°C and 
tightly bound water at 247°C. In MO-doped PAS, these dehydration temperatures increased 
slightly due to the interaction of MO’s sulfonic (-SO₃⁻) and azo (-N=N-) functional groups 
with water molecules, requiring more energy to break these bonds. The final decomposition 
temperature increased from 970°C in pure PAS to 991°C in MO-doped PAS, demonstrating 
enhanced thermal stability due to the stronger molecular interactions introduced by MO 
doping. These modifications make MO-doped PAS more resistant to structural collapse at 
elevated temperatures, improving its potential for applications in nonlinear optics, dielectric 
materials, and thermal sensing technologies. 

The nonlinear optical (NLO) properties were examined using the Z-scan technique, 
revealing significant enhancements due to MO doping. The nonlinear refractive index (n₂) 
increased from 3.5928 × 10⁻¹⁰ m²/W in pure PAS to 6.02585 × 10⁻¹⁰ m²/W in MO-doped PAS, 
while the nonlinear absorption coefficient (β) increased from 1.1538 × 10⁻³ m/W to 2.1206 × 
10⁻³ m/W. The real (Re(χ³) = 1.9329 × 10⁻⁸ esu → 3.2185 × 10⁻⁸ esu) and imaginary (Im(χ³) = 
3.1276 × 10⁻⁷ esu → 5.7479 × 10⁻⁷ esu) parts of the third-order nonlinear optical 
susceptibility also exhibited substantial enhancement, leading to an overall increase in χ³ 
from 3.1335 × 10⁻⁷ esu (pure PAS) to 5.7571 × 10⁻⁷ esu (MO-doped PAS). These 
improvements suggest that MO-doped PAS possesses superior optical and NLO 
characteristics, making it a promising candidate for advanced photonic and optoelectronic 
applications. 

The incorporation of Methyl Orange into PAS significantly enhances its crystallinity, 
optical properties, thermal stability, and nonlinear optical performance. These findings 
establish MO-doped PAS as a more efficient material for applications in nonlinear optics. 
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