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a b s t r a c t

An organic nonlinear optical L-threoninium tartrate (LTT) single crystal was successfully grown by slow
evaporation method using de-ionized water as solvent. The orthorhombic structure and non-
centrosymmetric space group of P2221 of the grown LTT crystal was confirmed using single crystal
X-ray diffraction analysis. The various functional groups and bonding nature of the LTT crystal were
realized using FT-IR spectroscopic analysis. The linear optical behavior is examined using UV–Visible
spectroscopy revealing the absences of absorbance in the wavelength region of 230–1100 nm. Tauc’s
relation is employed to obtain the optical band gap and it is found to be 6.4 eV. The optical parameters
like extinction coefficient (K), reflectance (R) and refractive index (n0) are also calculated for the grown
LTT crystal. With respect to the frequency and temperature the dielectric constant and dielectric loss
were estimated. The Vickers hardness number (Hv), Meyer’s index (n), yield strength (rr), elastic constant
(C11), fracture toughness (KC) and Brittle index number (Bi) were calculated using the micro-indentation
test. Thermo-gravimetric (TG) and differential thermal (DT) analysis confirm the single stage decompo-
sition and 257 �C melting point of the titular crystal. The exact melting point of the crystal is found to be
268 �C using auto melting point apparatus. The layer growth with 2D nucleation mechanism and less dis-
location is confirmed by chemical etching analysis. The surface quality of the titular crystal was studied
using laser damage threshold (LDT) measurement and it is found to be 6.57 GW/cm2. Kurtz and Perry
method was employed to estimate the second harmonic generation efficiency of the titular crystal and
is found to be 2.91 times greater than the KDP crystal. The v(3), n2 and b of the titular crystal was esti-
mated using Z-scan technique and they are found to be 7.1368 � 10�10 (esu), 0.8466 � 10�12 (cm2W�1)
and 3.734 � 10�6 (cmW�1) respectively. Reverse saturable absorption observed in open aperture
Z-scan indicates the suitability of titular crystal for optical limiting application.
� 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).
1. Introduction

Second order nonlinear optical materials continue to be an
important area of research due to its potential applications in var-
ious fields of optoelectronics, photonics and telecommunication
[1]. So far inorganic materials with second-order nonlinear optical
(NLO) susceptibilities were used as nonlinear optical materials
such as lithium triborate (LBO), potassium dihydrogen phosphate
(KDP), potassium niobate (KNbO3), lithium niobate (LiNbO3) [2–
6]. Recently organic materials have drawn the attention of
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Fig. 2. Photograph of the grown LTT crystal.
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researchers due to their large second-order nonlinear optical sus-
ceptibility and high laser damage threshold. Hence organic crystals
are accepted to be an efficient NLO material [7,8]. Organic materi-
als provide a strong charge transfer and high polarizability leading
them to high nonlinearity and also organic crystals provide a good
second harmonic conversion in ultraviolet and visible region which
leads them for many device fabrications in optoelectronics and
photonics [9–11]. The enormous optical and spectacular properties
of the organic crystals motivated us to find new organic NLO crys-
tals. Generally, organic based salts of amino acids exhibit very good
nonlinear optical property because of the presence of proton donor
carboxyl acids (–COO) group and the proton acceptor (NH2) group
[12,13]. For the past few decades, many researchers reported on
amino acid based materials like L-threnoninum sodium fluoride,

L-prolinium tartrate, L-arginine acetate, L-threonine acetate, etc.
[2,14–16], due to their excellent NLO properties. Hence extensive
research has been carried out for finding an alternative for inor-
ganic materials into organic materials due to their higher nonlinear
responsiveness and greater optical damage thresholds [17].

In this manuscript, a systematic study was carried out on the
synthesis and growth of an organic L-threoninium tartrate (LTT)
crystal by slow evaporation method using double distilled water
as the solvent. The crystal structure determination, functional
group identification (FT-IR), optical transmittance (UV), thermal
stability (TGA/DTA), laser damaged threshold (LDT), mechanical
behavior, etching, second harmonic generation (SHG) and third
order nonlinear optical studies have been carried for the titular
crystal for the first time and the results were discussed in detail.
2. Experimental

2.1. Synthesis

L-threoninium tartrate (LTT) has been synthesized using
L-threonine and L-(+)-tartaric acid purchased from Lobo chemical
98.9% of purely. An equimolar ratio of the substance of
L-threonine (C4H9NO3) and L-(+)-tartaric acid (C4H6O6) was dis-
solved in aqueous solution (deionized water) at room temperature.
The solution was stirred for 8 h to attain homogenous mixture of
L-threoninium tartrate solution. The reaction scheme of
L-threoninium tartrate is shown in Fig. 1. The prepared solution
was clarified using a filter paper and beaker covered with a mica
sheet with few pin holes on it for slow evaporation in room tem-
perature which leads to super-saturation.

The LTT crystal was obtained in a growth period of 80 days. A
good quality hexagonal shape transparent crystal of LTT with
dimension 11 � 3 � 3 mm3 was obtained. Photograph of the LTT
crystal is shown in Fig. 2.
3. Result and discussion

3.1. Single crystal X-ray diffraction studies

The unit cell parameters of the grown LTT crystal are
estimated using Bruker single crystal Kappa APEXIIX-ray
Fig. 1. Reaction schem
diffractometer. From the analysis, it is observed that the LTT
crystal crystallizes in the orthorhombic crystal system with a
space group of P2221. The estimated cell parameters of LTT
are, a = 5.157 Å, b = 7.757 Å, c = 13.636 Å, a = b = c = 90� and the
cell volume is 545.478 Ǻ3.
3.2. FT-IR studies

The grown crystal of LTT was subjected to FT-IR spectroscopy
in order to analysis the functional groups present in it. The sam-
ple was powdered and recorded using KBr pellet technique, in
the frequency range of 4000–400 cm�1using Jasco 410 spectrom-
eter at a scanning rate of 2 mm/s at a resolution of 4 cm�1. The
recorded FT-IR spectrum is depicted in Fig. 3. The recorded FT-IR
spectrum is compared with standard functional groups of pure
compounds (L-threonine and L-tartaric acid) and grown sample
LTT are tabulated in Table 1. The wave number 3404 cm�1 and
3154 cm-1of L-tartaric acid and L-threonine were disappeared
and shifted in between to a new wave number 3169 cm�1 due
to NH3

+ asymmetric stretching. The wave number 3021 cm�1 is
due to OAH stretching. The absorption band at 2976 cm-1and
2875 cm�1 are due to NH2

+ and CH2 stretching pure L-threonine
[18]. A broadband at 2050 cm�1 is due to CN stretching. The very
strong peak at 1736 cm�1 indicates the presence of C@O group,
which confirms the presence of L-tartaric acid [19,20]. The broad
peak at 1627 cm�1 is assigned to NH3

+ asymmetric bending. The
peaks at 1456 cm�1 and 1347 cm-1are mixed deformation vibra-
tion of OH- and CH-present in alcohol group of tartaric acid
[19,20]. The band at 932 cm�1 is due to CH2 rocking vibration.
The strong peak observed at 769 cm�1 is due to CO2

� bending
vibration. The sharp peak observed at 560 cm�1 due to CO2

� rock-
ing [21]. FT-IR spectrum of LTT reveals the presence of various
functional groups of both L-threonine and L-tartaric acid in L-
threoninium tartrate (LTT).
e of LTT crystal.



Fig. 3. FT-IR spectrum of LTT crystal.

Table 1
Comparative FT-IR vibrational assignments.

L-threonine
[18]

L-tartaric
acid [19,20]

L-threoninium tartrate
(LTT) [Present work]

Assignments

– 3404 – OAH stretching
3157 – 3169 NH3

+ asymmetric
stretching

– – 2050 CN stretching
1737 1736 C@O stretching

1623 – 1627 NH3
+ asymmetric

bending
– 1450 1456 CAO stretching

and OAH
deforming

1399 1347 CAH stretching
931 903 932 CH2 rocking
767 789 769 CO2

� bending
– 575 560 CO2

� rocking
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3.3. UV–Visible-Near IR studies

An optical transmittance studies is a key factor to determine the
optical parameters of the titular crystal. The nonlinear optical crys-
tal should have low absorption of light in the visible region and
good transparency over near IR region in order to promote low
Fig. 4. Optical transmittance and absorption spectrums of LTT crystal.
energy electrons to high energy state and these parameters are
suitable for NLO oriented device fabrications. The optical proper-
ties of LTT crystal are studied by UV–Vis-NIR spectrum analysis
using Perkin-Elmer Lambda-35 spectrometer in the wavelength
range of 200–1100 nm, which covers UV (200–400 nm), visible
(400–800 nm) and near IR (800–1100 nm) regions. The recorded
transmission and absorption spectrums are shown in Fig. 4. The
compound is active in the whole visible region with 97% transmit-
tance. The transmittance spectra of the titular compound confirm
no absorbance in the wavelength range between 250 and
1100 nm, which is due to the electronic transitions between the
carboxylate (COO�) and nitryl (NH3

+) bonds [18,22]. The lower cut-
off wavelength of LTT crystal is found to be 190 nm from the absor-
bance graph. The spectra provide details about the structure of the
molecule due to the direct involvement of electromagnetic wave
the absorption in near UV region from p? p* electron transition
within the sample by carbonyl group [23,24]. LTT crystal provides
good transparency, which is a suitable condition for SHG employed
in Nd: YAG laser applications, Gallium arsenide (GaAs) for photonic
and optical devices applications [18]. The value of the absorption
coefficient (a) is measured using transmittance (T) data by using
Eq. (1)

a ¼ 2:303
t

log
1
T

ð1Þ

where ‘T’ is transmittance (%) and ‘t’ is thickness is the crystal sub-
jected UV analysis. The optical band gap (Eg) energy of LTT crystal is
calculated using the Tauc’s plot Eq. (2) [25].

ðahtÞ ¼ A Eg � ht
� �1

2; ð2Þ
where ‘h’ is Planck’s constant, ‘v’ is frequency and ‘A’ is a constant.
The Tauc’s plot between (ahm)2 and (hm) is shown in Fig. 5. From the
plot, the optical band gap is found to be 6.4 eV. Wider band gap
reveals the titular crystal belongs to the better optical material cat-
egory with greater transmittance throughout the visible region,
which is suitable for optoelectronic device fabrication [2]. To calcu-
late the extinction coefficient (K), Eq. (3) is used and it was found to
be 232.2 at 532 nm.

K ¼ ak
4p

ð3Þ

To calculate the reflectance (R) in terms of absorption coeffi-
cient the following expression (4) is used and it has been found
to be R = 1.493 at 532 nm.
Fig. 5. Photon energy versus (ahm)2 of LTT crystal.



Fig. 7. Log frequency versus dielectric constant.
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R ¼ eð�atÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eð�atÞT � e �3atð ÞT þ eð�2atÞT2

q

eð�atÞ þ eð�2atÞT
ð4Þ

By using the reflectance data, the refractive index (n0) can be
calculated using the expression (5).

n0 ¼ �ðRþ 1Þ � 2
ffiffiffi
R

p

ðR� 1Þ ð5Þ

The variation of reflectance (R) and refractive index (n0) as a
function of wavelength is shown in Fig. 6. The graph reveals that
there is a decrease in refractive index (n0) and extinction coeffi-
cient (K) with increasing in wavelength and the value of refractive
index specify there is an absorbance in lower wavelength region
due to the interaction between electrons and photos. The calcu-
lated refractive index (n0) is found to be 1.83 at 532 nm and the
refractive index and extinction coefficient are effectively wave-
length dependent.

3.4. Dielectric studies

Dielectric measurement is important to understand the electri-
cal properties of solids which give details about the nature of
atoms, ions, phase change, and polarization. The material is polar-
ized easily by an external electric field which is useful to measure
the dielectric permittivity (e) [26]. A good crystal with suitable size
was chosen and polished on both sides using a silk cloth. The pol-
ished crystal with a thickness of 3 mm was placed in between the
electrodes with silver paste in order to ensure good electrical con-
tact. This dielectric medium of electrodes with crystal acts as a par-
allel plate capacitor. The capacitance of the grown crystal was
studied in the frequency range in between 50 Hz and 5 MHz at var-
ious temperatures (313–343 K). The dielectric constant of LTT crys-
tal was calculated using Eq. (6)

e ¼ Cpt
e0A

ð6Þ

where ‘e’ is dielectric permittivity, ‘C’ is capacitance, ‘t’ is the thick-
ness of the crystal, ‘e0’ is the permittivity of free space and ‘A’ is area
of the cross section of the crystal. The electric field distribution and
charge transport mechanism can be understood clearly from the
frequency dependence of the dielectric response of the crystal.
The frequency dependent dielectric constant exhibits the four types
of polarization in the sample namely ionic, electronic, orientation
and space charge polarization. The increase of frequency with the
Fig. 6. Wavelength versus reflectance (R) and refractive index (n0) of LTT crystal.
decrease of dielectric constant is depicted in Fig. 7. At low fre-
quency, the dielectric constant shows greater values due to the
presence of the space charge polarization. The space charge polar-
ization mainly depends on three factors namely purity, perfection
and high-temperature resistivity. At higher frequency, lower dielec-
tric values indicate low power dissipation which is highly essential
for electro-optic applications. The plot between dielectric loss ver-
sus log frequency is given in Fig. 8. The plot clearly specifies that
the dielectric loss decays with enhancing in frequency for all tem-
perature range. At high frequencies, low dielectric loss indicates
the crystal possesses a wide optical quality and lesser number of
defects [27]. From these parameters, it has been proved that the
grown LTT crystal is a suitable candidate for NLO and electro-
optic devices applications [28].
3.5. Mechanical properties

It is important to understand the mechanical behavior of the
grown LTT crystal for optical and electronic device fabrication.
Vickers microhardness (Hv), Meyer index (n), elastic constant
(C11), fracture toughness (KC), Brittle index number (Bi), Knoop
hardness (Hk), corrected hardness (Ho) and yield strength (rr) are
Fig. 8. Log frequency versus dielectric loss of LTT crystal.
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some of the important parameters helps to understand the
mechanical property some more better [29,30].

LTT crystal of thickness 3 mm had been chosen for the hardness
test. The test had been carried out for varying loads from 25, 50,
100 g. The diagonal length (d) depends on impressions obtained
Fig. 9. (a) Log (P) versus hardness number (Hv), (b) Log (P) versus Log d, (c) applied load
applied load (P) versus fracture toughness (Kc) of the LTT crystal.
by varying loads which can be measured using micrometer for
every load, three best impressions are taken and the average was
considered. To find out the Vickers microhardness studies (Hv)
the expression (7) was used. The graph drawn in between Hv ver-
sus log P is shown in Fig. 9(a).
(P) versus yield strength (ry), (d) applied load (P) versus elastic constant (C11), (e)



Fig. 10. TGA/DTA curves of LTT crystal.
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Hv ¼ 1:8544�
p

d2 ðkg=mm2Þ ð7Þ

It is clear from the plot that Hv increases with increasing load P.
This impact is known as reverse indentation size effect (RISE). For
RISE on a specimen will not give resistance or elasticity, but it
undergo relaxation with the release of the indentation stress leads
to a huge indentation size with low hardness at minimum load
[31]. The load is slowly increased from 25 g, 50 g, and 100 g, when
the load reaches 100 g, mild cracks were observed around the
indentation mark due to the internal stress by reducing the hard-
ness [32]. The nature of the crystal either hard or soft category
was determined using the following Meyer’s law,

P ¼ k1d
n ð8Þ

where ‘k1’ is material constant, ‘n’ is Meyer’s index. This gives the
relationship between load and indentation diagonal length. The
graph is drawn between log p versus log d shown in Fig. 9(b). Slope
value (n) is calculated as Meyer’s number [33] and it is found to be
1.50. For harder materials, the value of ‘n’ lies in between 1 and 1.6.
Above 1.6 the material is considered as softer material [34,35]. So
the study reveals the LTT crystal belongs to a harder category.

Keeping the n value it is easy to calculate the yield strength (ry)
of the material. The value of yield strength depends on Mayer’s
index number. For n > 2 yield strength can be calculated using
Eq. (9)

ry ¼ 3� n
2:9

� 12:5 n� 2ð Þ½ �
3� n

� �n�2

Hv ð9Þ

If, n < 2 expression (10) is used to calculate the yield strength.

rY ¼ Hv

3
ð10Þ

From the plot, it is clear that yield strength increases with
increasing load as shown in Fig. 9(c). The binding of bonding
between neighboring atoms is calculated using Wooster’s empiri-
cal equation [36]. To find out the stiffness constant or elastic stiff-
ness constant (C11) the Eq. (11) can be used.

C11 ¼ H7=4
v ð11Þ

The variation of elastic stiffness constant (C11) with load (P) is
shown in Fig. 9(d). The stiffness constant gives the property of
the strength and bonding nature with neighboring atoms. The
resistance of fracture is indicated by fracture toughness (Kc). Eq.
(12) was used to determine the toughness of material under uni-
form stress and load [37]. The plot between fracture toughness
(Kc) and the applied load is depicted in Fig. 9(e).

Kc ¼ P

b0l
3=2 for l � d

2
ð12Þ

where b-constant depend upon indentation geometry for Vickers
indenter (b = 7). Brittle index explains about the fracture-induced
in the sample without external force. The Brittle index Bi can be
calculated using Eq.(13).

Bi ¼ Hv

Kc
ð13Þ
Table 2
Calculated mechanical parameters of LTT crystal.

Load P (g) Hv (kg/mm2) ry (GN/m2)

25 25.750 8.583
50 41.750 13.916
100 73.450 24.483
The calculated values of Brittleness index (Bi), Vickers micro-
hardness (Hv), yield strength (rr), elastic stiffness constant (C11)
and fracture toughness (KC), are presented in Table 2.

3.6. Thermal analysis

It is important to know the thermal stability of the nonlinear
optical crystals because thermal stability plays a vital role in device
fabrication. Many electronic devices generate heat while function-
ing. Excellent thermal withstands of the crystal provides an accu-
rate output [38]. The thermogram analysis of LTT crystal is
carried out using TG/DT analysis. A powder sample of 3.097 mg
is taken for analysis between the temperature ranges of about
60 �C–800 �C in a nitrogen atmosphere. The recorded thermogram
is depicted in Fig. 10. TGA spectrum shows a first decomposition
observed at 228 �C with a weight loss of 5.1% due to the evapora-
tion of water molecule from the crystal [14]. Second decomposi-
tion starts from 229 �C and ends around 302 �C with weight loss
of 91.3%, remaining (4.6%) attributed to volatile residue formed
by organic salts of LTT [39]. The endothermic peak at 257 �C of
DTA represented the titular crystal melting point. Below 257 �C
no endothermic/exothermic peaks were observed, which reveals
the titular crystal provides a single decomposition point with
greater thermal stability up to 257 �C which is a most acceptable
temperature for high energy laser applications.

Also, Esico International auto melting point apparatus – 1935 is
used to find an accurate melting point temperature of LTT crystal.
The device is fabricated using advanced engineering microcon-
troller technology with enhanced accuracy. The melting of the
LTT crystal is found to be 268 �C which is comparable with DTA
value.

3.7. Etching analysis

Etching analysis is one of the easy and effective methods to
identifying the growth defect of the grown crystal. Nonlinear effi-
C11 � 1014 (Pa) Kc � 104 (kg/m3/2) Bi (l/m½)

294.347 10.374 248.217
685.723 17.668 236.303
1842.832 32.025 229.352



Fig. 11. Etch patterns for (a) as grown, (b) 10 s, (c) 20 s and (d) 30 s of LTT crystal.

Table 3
Comparison of LDT with some pre-reported NLO crystals.

Crystal LDT (GW/cm2) References

KDP 0.20 [44]

L-threonine 2.22 [45]

L-threnoninum sodium fluoride 4.10 [2]

L-threoninum phosphate 4.92 [46]

L-tartaric acid 5.4 [20]

L-prolinium tartrate 5.9 [14]

L-threoninium tartrate 6.57 [Present work]
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ciency depends on the quality of crystal or well-defined defect
structures for technical application and device fabrication. Trans-
parent with crack free well sized as-grown crystal was chosen
for this study. The etching study was carried out using deionized
water as an etchant. The crystal was dipped in the etchant for
10 s, 20 s, and 30 s. The etched surface was immediately wiped
using an unpigmented tissue paper. Then the crystal was analyzed
by Carl Zesis optical microscope in reflection mode at a lower mag-
nification of 400�. Fig. 11(a)–(d) shows some well-defined trapez-
ium etching pits with elongated lines. Increasing the duration from
20 to 30 s the observed trapezium pits were dislocated new layer
etching pattern was formed which conforms the grown crystal
has layer growth with 2D nucleation mechanism [40] with less dis-
location which represents a good crystalline perfection.

3.8. Laser damage threshold measurement.

Laser damage threshold measurement is a determining factor
for nonlinear device fabrication such as THz wave generation and
electro-optic modulation and optical applications [41,42]. The non-
linear optical property depends on the surface quality of the crys-
tal. Crystal with low surface damage by high power laser will affect
its nonlinear property and its applications. So LDT measurement is
carried out to test the optical breakdown, surface quality, perfor-
mance and its withstanding power intensity with high power laser.
Laser damage threshold effectiveness is depending upon various
parameters such as surface quality, laser pulse width, laser energy,
wavelength, etc. [43]. The laser damaged threshold measurement
was carried out on LTT single crystal using Q – switched high
energy Nd: YAG laser of wavelength 1064 nm with a pulse width
of 6 ns and repetition rate of 10 Hz is used. The diameter of the
laser beam is 0.8 mm. The output is controlled by variable attenu-
ator and given to the crystal which is mounted on a sample holder
at a focus of a biconvex lens with a focal length 150 mm. The input
laser beam is given as pulse energy range 1.5 mJ–3 J and the laser
damaged value for LTT single crystal is found to 6.57 GW/cm2
which is quite higher than the pre-reported amino acids crystals.
The LDT value of LTT crystal is compared with some previously
reported NLO crystal in Table 3.
3.9. Nonlinear optical properties

Second harmonic generation (SHG) test was carried out to eval-
uate NLO property of the LTT crystal using Kurtz and Perry power
technique [47]. The sample was illuminated by an intense beam of
a wavelength of 1064 nm from Q-switched high energy Nd: YAG
laser with an input energy pulse rate of 0.70 J, pulse with of 6 ns
at a repetition rate of 10 Hz was used as a source. Initial calibration
was done using the reference sample of KDP. A filtered IR beam
was used as a fundamental input beam (0.70 J) with a photomulti-
plier tube (PMT) as a detector allowing the beam to pass through
the powdered sample loaded in a microcapillary tube. The illumi-
nation beam was allowed to incident on the sample, output light
was collected by the PMT conforming SHG signal of output
8.91 mJ. The SHG signal always depends on the crystals molecular
structure and charge transfer between bonding groups [48,49]. The
same procedure is repeated for the titular crystal and it was found
to be 25.90 mJ, which is 2.91 times than that of the KDP crystal. A



Table 4
SHG result comparison with pre-reported amino acid crystals.

Compound SHG efficiency References

L-threoninium tartrate 2.91 [Present work]

L-threoninum phosphate 2.1 [46]

L-threonine 1.15 [18]

L-threonium acetate 1.14 [16]

L-histidine tartrate 0.79 [18]
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comparison is made between previously reported SHG results with
LTT efficiency in Table 4.
Fig. 13. Open aperture (OA) spectrum of LTT crystal.
3.10. Z-scan studies

The grown crystal of LTT is subjected to Z-scan analysis for
determining the third order nonlinear parameters like nonlinear
refractive index (n2), nonlinear absorption coefficient (b) and non-
linear susceptibility (v(3)). In Z-scan technique semiconductor
laser (100 mW) was used as a source with wavelength 532 nm
(green laser beam). The duration of laser pulse 10 ns with a beam
diameter of 2.8 mm is used. The input laser beam was converted to
polarize Gaussian beam by using a Gaussian filter and focused on
the sample with thickness (L) 1 mm using a convex lens of focal
length 103 mm. The sample is mounted on sample holder which
tends to move along positive and negative directions in the
Z-axis with beam propagation direction. After passing through
sample the beam reaches the photodetector with a corresponding
transmitted intensity which was recorded as a graph in the com-
puter. The process can be carried in two methods closed aperture
(CA) and open aperture (OA). In CA an aperture of some deter-
mined radius is placed in front of the detector, so the intensity of
the beam purely depends on the radius of the aperture. In OA the
beam directly passes through the lens, sample and reaches the
detector where the intensity will be maximum to find out nonlin-
ear absorption coefficient (b). The CA and OA curves of Z-scan are
depicted in Figs. 12 and 13. The n2 and b are directly proportional
to the intensity of the incident beam. In CA the change in transmit-
tance between peak and valley is measured as a self-focusing
behavior [50]. In OA, b can be calculated [51].

To calculate the nonlinear refractive index (n2) the Eq. (14) was
used and it was calculated as 0.8466 � 10�12 (cm2W�1).
Fig. 12. Closed aperture (CA) spectrum of LTT crystal.
n2 ¼ Du
kI0Leff

ðm2=WÞ ð14Þ

where ‘D/’ is the axis phase shift, ‘k’ is the wave number, ‘I0’ is the
intensity of the monochromatic source at the focus and ‘Leff’ is the
effective thickness of the sample. To find the axis phase shift D/
Eq. (18) was used and it was calculated as 2.04358 (radians).

Duj j ¼ DTp�v
0:406ð1� SÞ0:25

ð18Þ

where DTp-v is the difference between the normalized transmit-
tance peak and valley transmittance of the CA curve. To find linear
transmittance aperture (S), the Eq. (19) [52] was used and it was
found to be 0.8069.

S ¼ 1� exp
�2r2a
w2

a
ð19Þ

where ‘ra’ is the radius of the aperture and ‘xa’ is the beam radius at
aperture. To calculate the wave number k, expression (20) is used
and it was found to be 11.8045 � 106 (radians per meter)

k ¼ 2p
k

ðrad=mÞ ð20Þ

where ‘k’ is the wavelength of the monochromatic source. The effec-
tive thickness (Leff) of the sample is calculated using Eq. (21) and it
was found to be 0.9977 (mm).

Leff ¼ 1� e�aL

a
ðmmÞ ð21Þ

where ‘L’ is the thickness (1 mm) of the sample and ‘a’ is the linear
absorption coefficient. To calculate the nonlinear absorption coeffi-
cient (b) Eq. (22) is used and it was found to be
3.734 � 10�6 (mW�1).

b ¼ 2
ffiffiffiffiffiffiffiffiffi
2DT

p

I0Leff
ðm=WÞ ð22Þ

The value of b depends upon OA value, for two-photon absorp-
tion, the value will be in positive, for saturable absorption it will be
negative [53]. In order to calculate the v(3) for real part (Rev(3)) and
imaginary part (Imv(3)) [51] Eqs. (23) and (24) are used and the
results found to be 0.38145 � 10�10 (electrostatic unit (or) Stat
Coulomb) and 7.1266 � 10�10 (esu or StatC)



Table 5
Calculated Z- scan parameters of LTT crystal.

Parameters Values

Nonlinear refractive index (n2) 0.84655 � 10�12 cm2W�1

Nonlinear absorption co-efficient (b) 3.734 � 10�6 cmW�1

Real part of the third-order susceptibility
(Re (v(3)))

0.3815 � 10�10 esu

Imaginary part of the third-order susceptibility
(Im (v(3)))

7.1266 � 10�10 esu

Third-order nonlinear optical susceptibility (v(3)) 7.1368 � 10�10 esu
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Revð3Þ
ðesuÞ ¼

10�4e0C2n2
0n2

p
ðcm2=WÞ ð23Þ

Ievð3Þ
ðesuÞ ¼

10�2e0C2n2
0kb

p
ðcm=WÞ ð24Þ

where ‘e0’ is the permittivity of free space 8.854 � 10�12 C2N�1m�2,
‘C’ is the velocity of light in vacuum, ‘n0’ is the refractive index of the
LTT crystal. Using the following expression (25), the third order
nonlinear susceptibility vð3Þ for the titular crystal is calculated and
it is found to be 7.1368 � 10�10 (esu).

vð3Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRevð3ÞÞ2 þ ðImvð3ÞÞ2

q
ð25Þ

The LTT crystal provides a higher third-order nonlinear suscep-
tibility (v(3)) which attributed to the electron density transfer
(donor to acceptor) within the molecular system [54]. The self-
focalizing nature of the material is indicated by the positive sign
of (n2) [55], which lead the material as a promising agent for opti-
cal limiting and optical device fabrication [56–58]. The calculated
parameters of Z- scan and their results are tabulated in Table 5.

4. Conclusion

Single crystal of L-threoninium tartrate with good optical trans-
parency was grown by slow evaporation method. The orthorhom-
bic system of the grown LTT crystal was confirmed using single
crystal X-ray diffraction analysis. The functional group identifica-
tion was carried out using FT-IR spectral analysis. The lower cut
off wavelength of 190 nm is observed from UV–visible spectrum.
The optical band gap was found to be 6.4 eV. Using transmittance
data, optical parameters such as extension coefficient, reflectance
and refractive index were obtained. The dielectric constant and
loss were measured for various frequencies and temperatures.
The mechanical parameters such as Vickers microhardness (Hv),
Mayer index (n), yield strength (rr), elastic constant (C11), fracture
toughness (KC) and Brittle index number (Bi) were calculated and
found that the grown crystal belongs to hard category. The thermal
study shows the grown crystal is thermally stable up to 257 �C,
which is suitable for high energy lasing applications. The exact
decomposition point was confirmed using auto melting point aper-
tures and found to be 268 �C. The layer growth with 2D nucleation
mechanism with less dislocation is confirmed by chemical etching
analysis. The laser withstand capacity of the grown crystal was
tested using laser damaged threshold analysis and the threshold
value was found to be 6.57 GW/cm2 which is a suitable for optical
switching device fabrication. The NLO test reveals that the SHG
efficiency is 2.91 times greater than the KDP crystal. Z-scan result
reveals that the grown crystal possess relatively higher value of
nonlinear refractive index (n2) and nonlinear absorption co-
efficient (b) leads to larger value of third-order nonlinear optical
susceptibility (v(3)) which is apt for optical limiting applications.
Therefore, the grown L-threoninium tartrate (LTT) crystal is novel
material for optical limiting, optical switching and photonic device
fabrications.
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