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A B S T R A C T

In this work, we investigate the linear and nonlinear optical properties of the natural dye obtained from Tectona 
Grandis L.f. leaves by solvent extraction. Tectona Grandis L.f. of the Verbenaceae family, which provides high- 
quality, high-value timber for various uses, is a major strategic element in the forestry economies of many 
tropical countries. We investigated the nonlinear optical properties at 532 nm using CW and pulsed (5 ns) lasers, 
employing the techniques of Z-scan and Spatial Self phase modulation (SSPM). Theoretical fits to the measured 
data under CW excitation give the third-order nonlinear absorption coefficient (βeff) in the order of 10-3 cm/W, 
and the nonlinear refractive index coefficient (n2) in the order of 10-6 cm2/W, respectively. The βeff and n2 values 
obtained for pulsed excitation are in the order of 10-8 cm/W, and 10-15 cm2/W, respectively. These values are 
comparable to those of efficient nonlinear optical (NLO) materials previously reported in literature, revealing the 
applicability of the teak leaf extract natural dye in optical limiting applications for protecting sensitive optical 
detectors and human eyes from hazardous laser radiation.

1. Introduction

Nonlinear optical (NLO) properties of materials are of special interest 
in the areas of optical communications, optical storage, optical 
computing, harmonic generation, optical switching, and optical power 
limiting[1–10]. NLO properties of organic dyes such as chlorophyll, 
carotenoids, betanin, etc. have attracted substantial research interest in 
the past [11–13]. Natural dyes can be extracted from bio-resources like 
fruits, vegetables, roots, leaves, bark, and micro-organisms[14–17]. 
They are environment-friendly and cost-effective. The nonlinear trans
mission mechanism in most of these dyes depend on reverse saturable 
absorption (RSA) arising from excited state absorption.

In this work, we investigate nonlinear absorption and refraction of 
the natural dye extracted from Tectona Grandis L.f. (teak) leaves. Teak is 
a prominent source of high-quality, high-value timber, playing a stra
tegic role in the forestry economies of many tropical regions. In com
mercial teak plantations, annual branch pruning is essential to achieve 
the desired tree form suitable for timber extraction. While the woody 
portions of the tree are extensively utilized in the timber industry, the 
pigmented leaves are often discarded as agricultural waste. We have 
used the dye extracted from young, pigmented teak leaves as the sample 

for this research. The techniques of Z-scan[18,19] and Spatial Self Phase 
Modulation (SSPM) are used for the determination of both nonlinear 
absorption coefficient (βeff) and nonlinear refractive index coefficient 
(n2). The experiments are carried out at 532 nm wavelength using CW 
and pulsed (5 ns) lasers with varying input powers and energies, 
respectively. Results show that the dye has potential applications in the 
fabrication of optical limiters, which can be employed for the protection 
of human eyes and sensitive optical detectors from accidental exposure 
to hazardous levels of laser radiation.

2. Materials and methods

Tender leaves of Tectona Grandis L.f. were collected, washed thor
oughly, sun-dried for a week, and then crushed into powder form. The 
powder was then mixed with Dimethyl sulfoxide (DMSO) and refriger
ated below 4 ◦C for 24 h for maximal extraction of the dye. The colloidal 
solution thus obtained was then centrifuged for 10 mins at 6000 rpm. 
The supernatant was collected and filtered using grade 4 Whatman filter 
paper to get an optically clear liquid of reddish-brown color, which was 
then stored in the refrigerator at a low temperature of 4 ◦C for the 
measurements.
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Ultraviolet–Visible (UV–Vis) absorption spectrum of the sample was 
measured using a spectrophotometer (Lambda 35, Perkin Elmer). Exci
tation and emission spectra were measured using a spectrofluorometer 
(Fluromax 4, Horiba Jobin-Yvon). FTIR was taken using SHIMADZU 
FTIR-IR TRACER 100.

3. Linear optical Studies

3.1. Uv–vis Spectroscopy

According to literature reports, Tectona Grandis L.f. extract contains 
about 50 different compounds[20–23]. The UV–Vis absorption spectrum 
of the extract in DMSO is shown in Fig. 1. The extract exhibited broad 
absorption in the range 400–––700 nm, with absorption bands peaking 
at 433 nm and 663 nm respectively. These peaks confirm the presence of 
chlorophyll a [24,25]. The absorption seen in the green region of the 
spectrum (from 500 to 600 nm), corresponds to the anthocyanin 
pigment[26,27].

3.2. Photoluminescence (PL) spectra

The PL spectrum of the teak leaf extract was recorded using the 
excitation wavelength of 350 nm (Fig. 2). The spectrum shows a broad, 
intense emission arising from chlorophyll b and anthocyanin pigments in 
the region 400 nm – 550 nm, with the peak at 432 nm corresponding to 
emission from anthocyanin [28]. The major emission of chlorophyll a 
monomers peaks at 672 nm, followed by a weak shoulder in the region 
700 – 750 nm (the sharp small peak observed at 700 nm is the second- 
order diffraction of the excitation wavelength). Solvatochromic data can 
be used to determine π → π* and n → π* spectroscopic transitions. If 
there is a bathochromic (red) shift with increasing solvent polarity, then 
it can be confirmed that the transition is π → π*[29]. Both peaks exhibit a 
bathochromic shift with increasing solvent polarity (DMSO > DMF >
Ethanol) in our case, indicating a HOMO-LUMO (π → π*) transition 
(please see supplementary information).

3.3. IR spectra

Fig. 3 shows the FTIR spectrum of the dye in the range 500 cm− 1 to 
4000 cm− 1. The spectrum shows a broad absorption in the range 3700 
cm− 1 to 3100 cm− 1 with two strong peaks at 3423.65 cm− 1 and 3415.93 
cm− 1, which are related to the –OH stretching of anthocyanin and 
chlorophyll dyes respectively. The small peaks at 2999.31 cm− 1 and 

2914.44 cm− 1 are associated with the symmetric and antisymmetric 
–C–H– stretching vibrations of CH2 and CH3 groups, respectively. C = O 
(ester/ketone/aldehyde) bonds vibrate at 1658.78 cm− 1 (ketonic bonds 
of chlorophyll vibrate at ~ 1700 cm− 1). The peaks at 1436.97 cm− 1 and 
1406.11 cm− 1 correspond to the asymmetric bending of CH3 (δsCH3), 
and the peak at 1311.59 cm− 1 is identified as a symmetric deformation 
of CH3 (δsCH3) group that is attached to the S atom[30]. The sharp peak 
at 1016.49 cm− 1 is the aromatic ring C-H deformation[31]. The peak at 
952.84 cm− 1 corresponds to aromatic C-H in-plane bend, and peaks at 
671.23 cm− 1 and 665.44 cm− 1 indicate alkyne C-H bend. The peak at 
468.7 cm− 1 indicates aryl disulfides (S-S stretch)[32]. The FTIR spectra 
reveal the existence of C = O, C-H, and C-O bonds that contribute to 
coloring components dye indicating the existence of anthocyanin
[33,34].

4. Nonlinear optical studies

4.1. Z-scan

We employed both open and closed-aperture Z-scan[18] techniques 
(Fig. 4), for measuring the imaginary and real parts of the complex 
nonlinear refractive index, respectively. The Z-scan is a simple and 
efficient single-beam method with sensitivity comparable to that of 
interferometric methods[18,19]. It allows simultaneous determination 
of the sign and magnitude of absorptive as well as refractive non
linearities associated with a material medium, and hence, can differ
entiate between the contributions of real and imaginary parts of the 
third order nonlinear susceptibility χ(3).

A low power CW diode laser, and an Nd:YAG laser emitting 5 ns 
pulses, were used as light sources. Both lasers emitted radiation at 532 
nm. The beam was focused using a plano-convex lens of focal length 10 
cm. The concentrated dye extract was diluted with DMSO to give 
different linear transmission (LT) values at 532 nm as required. Samples 
were taken in a 1 mm cuvette, which was mounted on a stepper-motor- 
controlled linear translation stage and placed in the beam path. The 
sample was moved over a total distance of 15 mm in steps of 50 μm each 
and the transmittance was measured at each step. For CW excitation the 
transmitted laser power was measured using a laser power meter 
(Thorlabs), and for pulsed excitation the transmitted energy was 
measured by a pyroelectric detector (Rjp 735, Laser Probe Corp.). The 
movement of the translation stage, the firing of the laser, and data 
acquisition were controlled by a Python program. For performing the 
closed aperture Z-scan, an aperture of suitable diameter was placed in Fig. 1. UV–vis absorption spectrum of Tectona Grandis L.f. leaf extract 

in DMSO.

Fig. 2. Emission spectrum of the Tectona Grandis L.f. dye, measured at the 
excitation wavelength of 350 nm.
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front of the detector[19] to provide an aperture linear transmittance (S) 
of 0.5. The beam waist radius at the focal point (ω0) was calculated to be 
17 μm, and the corresponding Rayleigh length, given by 

zR =
πω2

0
λ

(1) 

was found to be 1.71 mm for our experiment. zR is larger than the 

sample thickness, which is a requirement for Z-scan measurements[35].
It is possible to plot the sample transmission T(z) against input laser 

intensity Iin(z) using the open aperture Z-scan data. For this we note that 
for a spatially Gaussian beam, the optical fluence Fin(z) at any position z 
can be calculated from the corresponding beam radius ω(z) and the 
input laser pulse energy Ein. The beam radius is given by 

Fig. 3. FTIR spectrum of Tectona Grandis L.f. dye in DMSO.

Fig. 4. Experimental set up for the automated closed aperture Z-scan experiment. For open aperture measurements the aperture in front of D3 is removed. Beam 
focus is designated as z = 0.
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ω(z) = ω(0)
[

1 +

(

z/zR

)2
]1 /2

(2) 

and the position-dependent fluence can be calculated from the expres
sion, 

Fin(z) =
4(log2)

1 /2Ein

π3 /2ω(z)1

/2
(3) 

The corresponding intensity is given by 

Iin(z) =
Fin(z)

τ (4) 

where τ is the laser pulse width.

4.1.1. Open aperture Z-scan
In the open aperture scheme, the transmitted intensity (Iout) for a 

given input intensity (Iin) can be calculated from the expression 

Iout(z) = Iin(z)exp −

⎡

⎢
⎣

⎛

⎜
⎝

α0

1 + ( I
Is)

⎞

⎟
⎠+ βeff I

⎤

⎥
⎦ (5) 

with the transmission, 

T(z) =
Iout(z)
Iin(z)

(6) 

Here α0 is the linear absorption, Is is the saturation intensity, and βeff 
is the third order nonlinear absorption coefficient, which accounts for 
the excited state absorption taking place in the medium. Is and βeff can be 
numerically obtained from the experimental data using equations (2) to 
(6).

A diode laser was used for performing CW Z-scan measurements. One 
of the open aperture Z-scans measured for the dye solution is given in 
Fig. 5(a) and the corresponding nonlinear transmission curve is given in 
Fig. 5(b). In this case as the sample approaches the focus the trans
mittance decreases; this behaviour is known as Reverse Saturable Ab
sorption (RSA). In organic dye molecules RSA occurs when excited state 
absorption (ESA) is stronger than ground state absorption. Materials 
showing strong RSA are called “optical limiters”. When the intensity of 
input light increases the transmittance of an optical limiter will 
decrease, making it more opaque. This property of optical limiters is 
useful for protecting human eyes and sensitive optical detectors from 
accidental damage caused by powerful laser beams. The strength of RSA 
in a material increases with the value of the third order nonlinear ab
sorption coefficient βeff given in Equation (5).

Fig. 6 (a) shows the variation of βeff with input laser power. βeff is 
found to increase with the laser power, for the samples with LT values of 
50 % and 60 %. The βeff values obtained are in the order 10-3 cm/W, 
which is comparable to the values reported in literature[36](Table 1). 
βeff values of the sample calculated from the Z-scan curves by fitting the 
experimental data to eqn. (5), plotted as a function of linear absorption 
coefficient (α0), are shown in Fig. 6 (b). βeff is found to increase with α0, 
which indicates that the increased population in the excited state 
resulting from a higher α0 leads to enhanced nonlinear absorption.

Open aperture Z-scans measured for the dye solution using pulsed 
excitation (7 ns laser pulses) are given in Fig. 7(a)-(i). The sample shows 
RSA behaviour. Fig. 8 shows the variation of βeff with laser pulse energy 
and sample linear absorption coefficient, and Table 2 lists the values.

The RSA behaviour seen in Fig. 7 results from the excited state ab
sorption (ESA) process[37] occurring in the present samples. For some 
samples weak shoulder peaks can be seen (e.g., Fig. 7e and 7 h), which 
arise from absorption saturation occurring at moderate input intensities 
(accounted for by the term Is in Eqn. (5))[38,39]. As a macroscopic 
parameter that depends on the concentration of nonlinearly absorbing 
molecules, βeff can be expressed as σ2N/hν, where σ2 is the nonlinear 
absorption cross-section of the material, hν is the photon energy, and N 
is the number density of molecules in the system[35]. Obviously, βeff will 
increase with N (and also with α0). ESA is a strong process due to the 
involvement of real intermediate states, resulting in a relatively large σ2 
value. Since σ2 will depend on population re-distribution among the 
electronic states, βeff will become a function of input intensity as well 
[40]. It is worthwhile here to consider the role of genuine two-photon 
absorption (2PA) in the observed nonlinearity. 2PA is a weak process 
as it involves virtual intermediate states, and its contribution to the 
measured RSA will be much smaller as compared to that of ESA in the 
present case.

4.1.2. Closed aperture Z-scan
To obtain the nonlinear refractive index, closed aperture Z-scan was 

carried out in the sample solution. Fig. 9 (a) shows the Z-scan curves 
obtained at 70 % linear transmittance using 3 mW laser power. Varia
tion in transmittance (Δ T) with distance was measured in the range of 
− 25 mm to 25 mm around the focal point. The peak-valley shape of the 
closed aperture Z-scan curve implies that the sample exhibits self- 
defocusing type of non-linearity (negative n2). When nonlinear ab
sorption is weak the transmittance curve obtained in closed-aperture 
configuration will show a symmetric peak and valley structure. The 
transmittance is proportional to the phase shift and Rayleigh length (zR) 
as follows:[41]

ΔT(z) = 1+
Δφ0 4x

(x2 + 1)(x2 + 9)
(7) 

Fig. 5. (a): Open aperture Z-scan measured for the dye under CW excitation. LT of the sample is 60 %, and the laser input power used is 20 mW. (b): Normalized 
transmission vs. Input intensity, calculated from the open aperture Z-scan data.
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where Δφ0 and x are the phase change and normalized distance, 
respectively. The normalized distance is given by x = z/zR.

By fitting the data points in Fig. 9(a) to Eqn. (7), the the value of Δφ0 
can be determined. The nonlinear refractive index (n2) can then be 
found from the expression 

n2 =
Δφ0

KLeff I0
(8) 

where I0 and k = 2 π/λ are the on-axis irradiance at focal point, and 
the wave vector, respectively. Leff is the effective length of nonlinear 
medium, given by 

Leff =

(
1 − e− α0L

α0

)

(9) 

where α0 is the linear absorption coefficient. The n2 values obtained 
are given in Table 3.

From Table 3 it is clear that the magnitude of n2 increases with 
sample concentration and decreases with laser power. Under CW irra
diation the refractive nonlinearity is mostly thermal in nature. This is 
confirmed from the observations that all the closed aperture Z-scan 
curves show a peak-valley separation of ≈2ZR. A peak-valley separation 
of more than 1.7 times the Rayleigh range (ZR) is a clear indication of 
thermal nonlinearity[42]. The increase in n2 for lower linear trans
mittance values is due to the prominence of thermal nonlinearity at 
higher concentration. Materials which show excited state absorption 
(ESA) normally exhibit excited state refraction as well; this is a conse
quence of the redistribution of population that alters the absorption 
spectrum, which by causality, modifies the refractive index[43]. In 

addition, increasing laser power increases thermal absorption, which 
raises the material’s temperature and reduces the refractive index. Such 
sample heating results in thermal lensing, as in the present case. For 
gases, the refractive index consistently decreases with rising tempera
ture (at constant pressure), while in condensed matter, it may either 
increase or decrease depending on the material’s internal structure. This 
likely explains the decrease in the nonlinear refractive index observed in 
our system with increasing laser input power. Thermal effects with CW 
laser excitation develop over relatively long timescales, often on the 
order of seconds, making the nonlinear refractive index time-dependent
[44].

Fig. 10 (a)-(l) show closed aperture Z-scans measured for samples 
having different concentrations, at different laser energies. The sign of 
the nonlinear refraction is negative and its magnitude is found to 
decrease linearly with intensity. When the nonlinear refraction coexists 
with nonlinear absorption in a material, the transmittance curve for CA 
Z-Scan exhibits a suppressed peak and an enhanced valley. The Z-scan 
curve is asymmetric in this case. The asymmetry depends on a parameter 
ρ = χI

(3)/χR
(3), which is the ratio of the imaginary part of the third order 

susceptibility to the real part.
Under the thin-sample, small aperture, and low-irradiance limits, the 

normalized transmittance ΔT(z) in CA Z-Scan is given as[45], 

ΔT(z) = 1+
4x

(x2 + 1)(x2 + 9)
Δφ0 −

2(x2 + 3)
(x2 + 1)(x2 + 9)

ΔΨ0 (10) 

with 

Δφ0 = Kn2Leff I0 (11) 

and 

ΔΨ0 =
βLeff I0

2
(12) 

Introducing the coupling factor ρ = χI
(3)/χR

(3), the equation can be 
rewritten as, 

ΔT(z) = 1+
2(− ρx2 + 2x − 3ρ)
(x2 + 1)(x2 + 9)

Δφ0 (13) 

This equation was used to fit the measured data shown in Fig. 10 (a)- 
(l). The values of ρ and n2 are given in Table 4.

The suppressed peak and enhanced valley are a clear indication of 
the contribution of nonlinear absorption in addition to the thermal 
contributions. The thermal effect consists of two processes in which one 
is the “fast” process of acoustic wave propagation, and the other is the 
“slow” steady state changing of medium density due to accumulative 
thermal heating of the absorbing area. The slow process should be taken 
into consideration in the case of low thermal conductivities and/or high 

Fig. 6. (a): Variation of βeff with laser power, for samples having LT values of 50%, 60%, and 70%, respectively. (b): βeff plotted as a function of the linear absorption 
coefficient (α0) for different laser powers.

Table 1 
The nonlinear absorption coefficient βeff and other parameters for the samples 
excited using CW laser.

Linear Transmission 
(LT)

α0 (cm− 1) Laser power 
(mW)

βeff (× 10-3 cm/ 
W)

50 % 6.93 10 7
15 12
20 15.4
25 16

60 % 5.11 10 4.2
15 7.5
20 8.5
25 8

70 % 3.57 10 3.5
15 3
20 4
25 4
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pulse repetition rates. The “fast”process causes the matter density to 
vary due to acoustic wave propagation after local heating. An acoustic 
wave generated by nonlinear absorption spreads through the beam waist 
and decreases the refractive index. In the case of nanosecond laser pulses 
the acoustic waves thus produced are fast enough to interact with the 
trailing edge of the pulses and cause thermal lensing[46].

5. Spatial self-phase modulation (SSPM)

A wide range of spatial effects can be observed when an intense light 
beam interacts with a nonlinear medium[44,47–52]. In particular, a 
concentric ring intensity distribution pattern can be produced in the far 
field after the beam propagates through a nonlinear material. This 
phenomenon, known as spatial self phase modulation (SSPM), results 

Fig. 7. (a)-(i): Open aperture Z-scan curves measured for the dye under 7 ns pulsed excitation. LT values of the samples are 70 %, 50 %, and 25 %, respectively. Laser 
pulse energies used are 10, 15, and 20 µJ, respectively.

Fig. 8. Variation of βeff with (a) energy of the laser pulse, and (b) linear absorption coefficient of the samples.
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from the intensity-dependent complex refractive index and has been 
observed across several systems, including atomic vapors, liquid crys
tals, polymers, and nanostructured materials[44,48–50]. Fig. 11 shows 
the experimental setup for Spatial Self-Phase Modulation (SSPM).

At higher powers and intensities, the refractive nonlinearity of the 
sample can be better investigated using this technique.

Considering a TEM00 Gaussian beam propagating through a 
nonlinear medium of thickness L along the z-axis, the total phase shift at 
the exit plane is given by, 

φ(r) = ko
n0r2

2R
+Δφ(r) (14) 

which comprises of a phase shift arising from the wavefront curva
ture of the Gaussian beam (k0n0r2/2R), and also the nonlinear phase 
shift Δφ(r). Here k0 is the free-space wave number, n0 is the refractive 
index of the medium, r is the radial coordinate, and R is the radius of 
wavefront curvature in the corresponding position. The nonlinear phase 
shift Δф(r) acquired by the beam due to the intensity-dependent 
nonlinear refractive index Δn(z,r) is given by, 

Δφ(r) = ko

∫ z0+L

z0

Δn(z, r)dz (15) 

where α is the linear absorption coefficient of the medium. The total 
phase shift φ (r) then becomes, 

φ(r) = ko
n0r2

2R
+Δφ(r) = ko

[
n0r2

2R
+

∫ z0+L

z0

Δn(z, r)dz
]

≈ ko
n0r2

2R
+Δφ0 (z0)exp

(

−
2r2

wp
2

)

(16) 

where Δφ 0 (z0) is the peak nonlinear phase shift at z0 given by 

Δφ0(z0) = k0Δn(z0, 0)L (17) 

with Δn(z0, r) related to the nonlinear refractive index coefficient n2 
by 

Δn(z0, r) = n2I(z, r) (18) 

The contributions from the Gaussian and nonlinear phase shifts 
govern the far field intensity distribution of the diffraction patterns. The 
far field intensity distribution can be approximated using the Fresnel- 
Kirchhoff diffraction integral as, 

I(ρ) = Iʹ
∫ ∞

0

⃒
⃒
⃒
⃒J0(kθr)exp

(

−
r2

ω2 − iφ(r)
) ⃒
⃒
⃒
⃒

2

rdr (19) 

where Í  is given by 

Iʹ = 4π2

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

E(0, z)exp
(

− αL
2

)

iλD

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

2

(20) 

In the integrand (eqn. (17), J0(x) denotes the zeroth order Bessel func
tion of the first kind, D is the distance from the medium exit plane to the 
far field observation plane, and θ is the far field diffraction angle. The 
radial coordinate ρ at the observation plane is related to the far field 
diffraction angle θ by ρ = Dθ. For a self-focusing medium (Δφ(r) > 0) in 
a converging beam (R < 0) or the equivalent case of a self-defocusing 
medium (Δφ(r) < 0) in a diverging beam (R > 0), the number of 
diffraction rings N is proportional to the phase shift by, 

Table 2 
The nonlinear absorption coefficient βeff and other parameters for the samples 
excited using 7 ns laser pulses.

Linear Transmission (LT) α0 (cm− 1) Energy (µJ) βeff (×10-8 cm/W)

25 % 13.86 5 2.2
10 4.5
15 4.5
20 3.7

50 % 7.34 5 1.2
10 2.5
15 2.9
20 1.9

70 % 3.57 5 0.75
10 0.89
15 0.95
20 0.82

Fig. 9. (a): Closed aperture Z-scan of the dye having LT 70 %, under CW excitation with 3 mW power. (b): n2 plotted as a function of input power for samples with LT 
values 50 %, 60 % and 70 %, respectively. (c): n2 plotted as a function of linear absorption coefficient of samples at input powers 1 mW, 1.6 mW, 2 mW and 3 mW, 
respectively.

Table 3 
Nonlinear refractive index coefficient and other relevant parameters for CW 
excitation.

Linear 
Transmission 
(LT)

α0 (cm− 1) Leff 

(cm)
Power 
(mW)

I0 

(W/ 
cm2)

Δφ0 n2 

(×10-6 

cm2/ 
W)

50 % 6.93 0.92787 1 152.1 − 4.5 − 2.66
0.92787 1.6 243.4 − 7.0 − 2.59
0.92787 2 304.3 − 7.8 − 2.30
0.92787 3 456.4 − 8.5 − 1.68

60 % 5.11 0.88254 1 152.1 − 3.3 − 2.05
0.88254 1.6 243.4 − 4.9 − 1.91
0.88254 2 304.3 − 5.9 − 1.84
0.88254 3 456.4 − 6.8 − 1.41

70 % 3.57 0.80374 1 152.1 − 2.5 − 1.71
0.80374 1.6 243.4 − 2.8 − 1.2
0.80374 2 304.3 − 4.0 − 1.37
0.80374 3 456.4 − 5.6 − 1.28
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N =
|Δφ0|

2π (21) 

The nonlinear change in refractive index, ΔnSSPM can then be deter
mined using Eqn.17.

Fig. 12 shows the comparison between the measured far field in
tensity distribution and the corresponding numerical results in a sce
nario where R < 0 and Δφ > 0. The sample was positioned at a distance 
of z0 = -0.2 cm from the focal point where R < 0. The images of the 
diffraction rings captured using a digital camera show that the 

outermost ring is the thickest, and the distance between concentric rings 
increases with the radial distance. Notably, all power settings yield a 
distinct bright centre in the resulting diffraction patterns (see Fig. 12). 
The presence of a bright or dark spot at the centre is primarily deter
mined by the sign of the product of the phase shift Δφ(r) and the radius 
of the wavefront curvature R, provided that R is within an appropriate 
range[43]. With an increase in power, the number of the diffraction 
rings increases. As can be seen from Fig. 12, the radius of the outer 
diffraction ring also increases with the input power. The emergence of 
these diffraction rings can be attributed to the occurrence of SSPM, 

Fig. 10. (a)-(l): Closed aperture Z-scan curves measured in the dye for pulsed (7 ns) excitation. LT values of the samples are 25 %, 50 %, and 70 %, respectively. 
Laser pulse energies used are 5,10,15, and 20 µJ, respectively.
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originating from the nonlinear optical properties exhibited by the dye 
solution. From eqns. (18) and (19) it can be seen that the formation of 
the diffraction rings is independent of the type of nonlinearity, provided 
an intensity dependent nonlinear refractive index distribution forms in 
the sample under laser irradiation. In the current experiment the for
mation of diffraction rings is largely due to the thermally induced 
nonlinear refraction. The thermally induced change in refractive index 
can be written as [53]

Δnthermal =
∂n
∂t

Iαω2

4K
(22) 

where ∂n
∂t is the thermo-optic coefficient, I the optical intensity, α the 

linear absorption coefficient, ω the beam radius, and K the thermal 
conductivity. Using the value 5 × 10-4 K-1as the thermo-optic coefficient 
of DMSO[50], the change in refractive index (Δnthermal) can be calcu
lated. This value is found to be in close agreement with the ΔnSSPM ob
tained from the number of diffraction rings. This confirms that the 
diffraction ring formation occurs primarily from thermally induced 
nonlinear refraction. Values of ΔnSSPM and Δnthermal calculated for 
different laser powers from the diffraction rings are given in Table 5.

It is worthwhile to note that the βeff and n2 values obtained for the 
Tectona Grandis L.f. leaf extract are comparable to those reported in 
literature for efficient NLO materials. Comparisons to literature values is 
shown in Tables 6 and 7 respectively.

6. Conclusion

The natural dye present in Tectona Grandis L.f. leaves is extracted by 
ultrasonication and centrifugation of the leaf powder in DMSO. Ab
sorption, excitation and emission spectra of the dye have been 
measured. Nonlinear optical measurements have been carried out using 

Table 4 
N2 , ρ and other relevant parameters for pulsed excitation.

Linear Transmission (LT) α0 (cm− 1) Energy (μJ) Leff (cm) Δφ0 ΔΨ0 ρ n2 (×10-15 cm2/W)

25 % 13.86 5 0.98197 − 1.16384 0.197853 − 0.17 − 3.2
10 0.98197 − 1.49644 0.344181 − 0.23 − 1.9
15 0.98197 − 1.37424 0.34356 − 0.25 − 1.4
20 0.98197 − 1.78104 0.534312 − 0.3 − 1.23

48 % 7.34 5 0.9346 − 0.87288 0.139661 − 0.16 − 2.4
10 0.9346 − 1.6049 0.561715 − 0.35 − 2.2
15 0.9346 − 2.3985 0.23985 − 0.1 − 2.25
20 0.9346 − 1.6757 0.50271 − 0.3 − 1.3

70 % 3.57 5 0.80374 − 0.50932 0.12733 − 0.25 − 1.4
10 0.80374 − 1.67785 0.436241 − 0.26 − 2.3
15 0.80374 − 1.43875 0.4604 − 0.32 − 1.25
20 0.80374 − 1.6104 0.467016 − 0.29 − 1.2

Fig. 11. Experimental layout for Spatial Self Phase Modulation (SSPM) Technique.

Fig. 12. (a) Experimentally measured, and (b) numerically simulated diffraction ring patterns for the sample at input powers of 10, 15, 20 and 25 mW, respectively.

Table 5 
Measured values of linear transmittance, input power, number of diffraction 
rings, nonlinear refractive index coefficient, ΔnSSPM and Δnthermal.

Linear Transmission Power (mW) N ΔnSSPM (×10-4) Δnthermal (×10-4)

0.5 10 1 − 5.36 − 9.36
15 2 − 10.74 − 14.04
20 5 − 26.75 − 18.72
25 7 − 37.39 –23.41
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CW and pulsed lasers at the wavelength of 532 nm. Open aperture Z-scan 
measurements reveal that the dye shows an excellent optical limiting 
behaviour (RSA), which originates primarily from excited state ab
sorption. Closed aperture Z-scan measurements show negative nonlinear 
refraction (n2) which originates from thermally induced self-defocusing 
of the beam. SSPM measurements were used to measure n2 for higher 
input laser powers. Under CW excitation, the nonlinear absorption co
efficient is found to lie in the range 3.0 × 10-3 to 16 × 10-3 cm/W, and 
the nonlinear refractive index is in the range − 1.2 × 10-6 to − 2.66 × 10-6 

cm2/W. The corresponding values for pulsed excitation are in the range 
0.75 × 10-8 to 4.5 × 10-8 cm/W, and 1.2 × 10-15 to 3.2 × 10-15 cm2/W, 
respectively. The experimental result shows that the natural dye 
extracted from teak leaves can be an efficient optical limiter to prevent 
damage to sensors and human eyes from laser radiation.
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