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L-Leucine and Perchloric Acid were combined in a 1:1 molar ratio to synthesize L-Leucinium Perchlorate (LLPC) salt,
which was subsequently grown into single crystals using a solution method and slow evaporation process. Characterization
of the LLPC crystal involved techniques including single crystal X-ray diffraction (XRD), mechanical analysis, dielectric
studies, Second Harmonic Generation (SHG) study, Z-scan study, and LDT study. SHG efficiency of the sample, was found
to exceed that of potassium dihydrogen orthophosphate (KDP). Mechanical properties such as hardness, yield strength, work
hardening coefficient, and stiffness constant were determined for the crystal. XRD analysis confirmed monoclinic
crystallization of the LLPC crystal. The findings from numerous investigations were examined and discussed in this paper.
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1 Introduction

There are two types of optics: nonlinear and linear.
When a material is exposed to extremely strong laser
light, nonlinear optical (NLO) phenomena take place.
In terms of technology, this field of study has grown in
importance since the invention of the first laser in
1960. NLO materials are essential in the quickly
evolving disciplines of photonics, opto-electronics,
laser technology efc'”. NLO materials are categorized
into three primary groups: semiorganic, inorganic, and
organic. Among these, organic NLO materials exhibit
superior optical susceptibilities, intrinsic ultra-fast
response times, and higher laser damage thresholds
compared to inorganic NLO crystals*’. Leucine is a
vital amino acid that is required for the synthesis of
protein and can only be found in diets containing foods
like meat, milk, soy products, and beans. Both a beta-
amino (NH;") and a beta-carboxylic acid (COO) group
are present in the beta-amino acid L-leucine®’. An
essential component that can be combined with other
substances and amino acids to create a variety of NLO
crystals is perchloric acid* . Crystals of L-leucinium
oxalate were produced by Anbuchezhiyan et al. and
reported in multiple studies''. Adhikari et al. and
Subramanian have synthesized and studied L-leucine
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hyrobromide crystals'*". Some L-leucine-based NLO
crystals have been reported in the literature, and
L-leucine has apparently been used in supramolecular
rescarch as well as crystal engineering'*".
Baskaran et al. have reported some studies of
L-leucinium perchlorate in the literature'™. In this
study, L-leucinium perchlorate, a semiorganic NLO
crystal, has been cultivated and examined.

2 Synthesis and crystal growth

L-leucine and perchloric acid were obtained from
Merck India, and a 1:1 molar ratio of the reactants
was used to create L-leucinium perchlorate. Using
stirrer, these ingredients were combined in a borosil
beaker and swirled for approximately four hours to
create the saturated solution. The reaction temperature
wass maintained at 50 °C during the stirring.
Following the stirring process, the mixture was
allowed to reach room temperature (30 °C) and then
filtered using filter paper to eliminate any remaining
suspended particles. L-Leucine and Perchloric acid
undergo a chemical reaction to produce L-Leucinium
Perchlorate. In a growing jar with a perforated
polythene paper cover, the filtered saturated solution
was added. After roughly six days, the saturated
solution became a supersaturated solution due to
sluggish evaporation, at which point tiny crystals
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began to form at the growth vessel's bottom. After a
growth period of around 40 days, the seed crystals
have developed into large crystals upon continued
gradual evaporation of the solution. Fig. 1 displays a
shot of an LLPC crystal of high quality.

3. Results and Discussion
3.1. XRD study

Bragg's law, expressed by the equation 2d sinf =
nA, serves as the cornerstone of X-ray diffraction
(XRD) and is crucial for determining the crystal
structure of a crystalline sample. This equation
involves parameters such as the wavelength of the X-
rays (L), the diffraction order (n), Bragg's angle (0),
and the interplanar spacing (d)". Single crystal XRD
is utilized for samples like LLPC. The lattice
parameters of the LLPC crystal were established
using a Bruker 4SMART KAPPA APEX II CCD
single-crystal X-ray diffractometer with a wavelength
(A) of 0.71073 A. The unit cell parameters of the
LLPC crystal are as follows: a = 5.678(2) A, b =
8.764 (1) A, ¢ =10.711(3) A, and a = 90°, B = 97.25
(4), y =90°, and V = 528.74(2) A*. Analysis confirms
that the LLPC crystal possesses a monoclinic crystal
structure. The obtained results for LLPC crystal in
this work are observed to be in good agreement with
the reported literature'®

3.2. Mechanical characterization

One of the crucial mechanical characteristics is
hardness, which can be used to gauge a material's
strength and plastic characteristics. The most common
and straightforward static indentation test for
determining hardness is the Vickers microhardness
test’”’. After the indenter is removed, the permanent
impression is kept in the specimen and can be in the
shape of a ball, diamond cone, or diamond pyramid.
Using a diamond pyramidal indenter, the specimen's
surface is micro-indented using this technique. The

Fig. 1 — A collected crystal of LLPC

Vickers microhardness number is determined by the
formula H, = 1.8544 P / d*, where P represents the
applied load and d is the average diagonal length of
the indentation. Hardness values are determined by
the size of the imprint left on the surface after the
removal of a loaded indenter’’. In this investigation,
the thoroughly polished LLPC crystal was positioned
on the platform of a Vickers microhardness tester, and
loads of different intensities were applied for a fixed
duration of ten seconds. Fig. 2 illustrates the
correlation between the hardness number (Hv) and the
applied load (P) for the LLPC crystal. The graph
demonstrates that hardness escalates as the force
increases, suggesting the existence of the reverse
indentation size effect.

Meyer's law, expressed as P = ad", serves to
determine the work hardening coefficient (n)
applicable to the LLPC crystal. In this equation, both
a and n are constants specific to the material. Through
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Fig. 2 — Plot of hardness versus applied load for LLPC crystal
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Fig. 3 — Plot of Log (P) versus Log (d) for LLPC crystal
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analysis depicted in Fig. 3, the work hardening
coefficient (n) for LLPC was calculated to be 2.773.
According to Onitsch®, work hardening coefficient
(n) values ranging from 1.0 to 1.6 typically
characterize hard materials, while values exceeding
1.6 indicate soft materials. The determination of
LLPC as a soft crystalline material is thereby
validated. The yield strength (cy) of LLPC crystal can
be calculated using the relation oy = (Hv/3) (0.1)n-2,
where n represents the work hardening coefficient.
Additionally, Wooster's empirical relation Cl11 =
Hv7/4, where Hv denotes the Vickers hardness
number, facilitates the calculation of the elastic
stiffness constant (C11). Table 1 presents the
estimated values for LLPC crystal's hardness, yield
strength, and stiffness constant, highlighting their
dependence on the applied load®.

3.3 Second-order NLO study

When a high intensity laser is focused on the crystal,
susceptibility becomes field dependent and polarisation
becomes independent. The second-order susceptibility
is responsible for second-order NLO phenomena such
as optical rectification, sum frequency and difference
frequency generations, and second harmonic
generation (SHG). The LLPC crystal's SHG efficiency
was evaluated using the Kurtz-Perry powder
method***. The fundamental wavelength of a 1064 nm
Nd:YAG laser was employed in this instance to
concentrate on the powdered material, and the input
laser energy was 0.7 J/pulse. The KDP reference
sample included particles with the same size (150-200
um) as the LLPC crystalline sample. It was discovered
that the KDP and LLPC samples' green laser emission
had a wavelength of 532 nm. The laser output energy
of the KDP sample and the LLPC sample is
8.8 ml/pulse and 1645 ml/pulse, respectively.
Thus, the relative SHG efficiency of LLPC
crystalline sample is 1.87 and this value is compared
with SHG efficiency of some of the NLO crystals in
the Table 2. Since LLPC crystal has high SHG
efficiency, it can be used efficiently for NLO
applications.

Table 1 — Values of hardness, yield strength and stiffness

constant of LLPC crystal
Applied load Hardness  Yield strength x  Stiffness constant
(grams) (kg/mm?) 10° (pascal) (pascal)
25 44.14 2.429 1.295E+15
50 49.52 2.727 1.585E+15
75 57.23 3.151 2.042E+15
100 65.17 3.586 2.561E+15

3.4 Determination of electronic polarizability and other
parameters

Various forms of polarizability exist, encompassing
electronic, 1ionic, dipolar, and space charge
polarizability. Electronic polarizability describes the
inclination of a charge distribution, like electrons or
atoms, to alter its typical shape when an electric field
is applied to a sample comprising molecules or atoms.
The electronic polarizability, along with solid-state
parameters such as the Penn gap, Fermi energy, and
valence electron plasma energy, can theoretically be
quantified. The valence electron plasma energy is
calculated by equation®®

E,=28.8 [(Z’ x p)/M]"* q (D

Where M represents the molecular weight of L-
leucinium perchlorate (LLPC), Z' denotes the number
of wvalence electrons of LLPC, and signifies the
crystal's density. The formula Ep = Ev (g’- 1)-1/2 can
be utilized for computing the Penn gap energy, where
e’ represents the dielectric permittivity, also referred
to as the dielectric constant, at 1 MHz. The Fermi
energy, which can be theoretically calculated using
the formula EF = 0.2948 x Ev4/3, represents the
kinetic energy of the particles at their highest
occupied state. Table 3 presents the calculated plasma
energy, Penn gap energy, and Fermi energy of the
LLPC crystal. Through Penn gap analysis, the
electronic polarizability of the LLPC crystal can be
determined using by Eq. 2:

a=[(E,S)/(E, S +3E,)] x (M/p) x 0.396 x 10°**
(2

where S = 1- (Ey/4Eg) + 1/3 (E,/4Ef)’. In this case, S

1s a constant for a certain substance. The electronic

Table 2 — Relative SHG efficiency of some the NLO crystals

S.No. Crystal name Relative SHG efficiency Reference
(Reference sample: KDP)
1. L-leucinium oxalate 0.7 11
2. L-histidine 3 24
3. hydrochloride 24 25
4. monohydrate crystal 1.87 Current
Amaranth and study

EDTA co-doped
KDP crystals
L-lecinium
perchlorate

Table 3 — Plasma energy, Penn gap energy and Fermi
energy of LLPC crystal

Solid state parameters Values
Plasma energy 21.034 eV
Penn gap energy 10.331 eV
Fermi energy 7.273 eV
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polarizability of the LLPC crystal is determined by
the Penn analysis to be 4.175 x 10™ c¢m’. The value
of the sample's electronic polarizability can also be
determined using the Clausius-Mossotti relation as
given Eq. 3*7%.

o= (3M/4aNp) [(e-1) / (e+2) ...(3)

where N is the Avogadro's number and 4.142 x 10>
cm’ is the calculated electronic polarizability value.

3.5 LDT value of the crystal

Experiments assessing the laser damage threshold
(LDT) of the produced LLPC crystal were carried out
employing a Nd:YAG laser featuring an 18 ns pulse
width and a wavelength of 1064 nm. A coherent
energy/power meter (Model No. EPM 200) was
employed to gauge the energy of the laser beam. The
equation P = E/tnr2, where E represents the energy, t
stands for the pulse width, and r denotes the spot
radius, was utilized to determine the LDT value®.
High power laser light interacts with the crystal in a
way that causes laser damage. Several processes,
including optical, thermal, chemical, and physical
ones, are involved. For the LLPC crystal, the
computed LDT value is 2.91 GW/cm®. Given its great
value, LLPC crystals can be utilized in the production
of laser-related devices. For comparison purpose,
LDT values of some of the important NLO crystals
are provided in the Table 4.

3.6 Dielectric study

An electrical insulator that can become polarised
when an electric field is applied is called a dielectric.
Dielectric polarisation results from the electric
charges in a dielectric shifting slightly from their
usual equilibrium positions in an electric field, as
opposed to flowing through the material as they
would be in a conductor. The real capacitance of a
capacitor filled with a dielectric material is g, times
higher than that of a capacitor with the same
electrodes in vacuum. The ratio of a capacitor's
capacitance with that material acting as its dielectric
to a similar capacitor with a vacuum acting as its

dielectric is known as the dielectric constant.
Table 4 — LDT values of some important nonlinear
optical (NLO) crystals
S. No. Sample name Value of LDT Reference
(GW/cm?)
1. Urea 0.35 31
2. Benzamidazole Crystal 1.71 32
3. L-Prolinium Tartrate 5.90 33
4.  L-Lecinium Perchlorate 2.91 Present work

A material's static relative permittivity, also referred
to as its dielectric constant, is its relative permittivity
at a frequency of zero. Dielectric loss, commonly
associated with losses occurring under alternating
voltage, quantifies the power dissipation in a
dielectric material due to applied voltage. The
dielectric loss angle is a crucial parameter for both
dielectric materials and insulated sections. When
subjected to an alternating field, a phase shift arises
between the displacement and the applied field. Thus,
it can be said that the dielectric constant is a
complicated quantity and it is given equation

e=¢g—-1ig’ .. (@
and €”/e’ = tan o, where tan J is called the dielectric
loss factor’®. Measurements of capacitance and the
dielectric loss factor (tan d) were carried out using a
parallel plate capacitor across temperatures ranging
from 30 to 70 °C. An Agilent 4284A LCR meter was
employed at frequencies spanning from 100 Hz to 1
MHz. To ensure a conductive surface layer, the
contact faces of the crystal were coated with graphite.
The accuracy of dielectric parameter measurements
was maintained within £ 5%. Figs 4 & 5 illustrate
variations in the dielectric constant and dielectric loss
of the LLPC crystal concerning frequency. Notably,
both parameters decrease with increasing frequency
and increase with rising temperature. The observed
peaks in dielectric constant at low frequencies are
attributed to space charge polarization, while the
decline may result from the gradual reduction of
various polarization types. Higher dielectric constants
at elevated temperatures are typically associated with
crystal expansion, electronic and ionic polarizations,

and the presence of crystal defects®'>’.
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Fig.4 — Frequency dependence of dielectric constant for LLPC
crystal at different temperatures
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3.7 Third-order NLO study

To investigate the LLPC crystal using Z-scan, we
utilized a He-Ne laser with a wavelength of 632.8
nm. This technique is widely accepted in nonlinear
optics for detecting nonlinear changes in absorption
and refractive index. Our study focuses on third-
order nonlinear optics, with the sample's third-order
NLO characteristics—nonlinear absorption
coefficient (B), nonlinear susceptibility (y(3)), and
nonlinear refractive index (n2)—being calculated.
Furthermore, the Z-scan method allows determining
the sign of the nonlinear refractive index. Key steps
of the Z-scan involve placing the thin sample along a
focused Gaussian laser beam, moving it along the Z-
direction into the focal region, and converting phase
distortion to  amplitude  distortion  during
propagation.

Peak to valley or valley to peak Z-scan curves can
be generated by using the closed aperture approach.
One feature of self-focusing is the transmittance
variation from peak to valley. The difference value in
transmission between peak and valley (AT,.,) is

ATy, = 0.406 (1-S)°*’| AD| ..(5)

where S is the linear aperture transmittance and IA® |
is the axis phase shift.

225) ..(6)

w

S=1—exp(

where r, and ®, are the aperture radius and beam
radius respectively.

The following relation is used to compute the third-
order nonlinear refractive index, n2:

ADL
= 2nloLeff a (7)

The sample's effective thickness (L) equals

Logy = - Cabl] (8)

[o¢

where L and « are the LLPC crystal's thickness
and linear absorption coefficient, respectively, and
represents the nonlinear absorption coefficient and it
is given by

p =200 )

Io Lefy

The nonlinear absorption coefficient doesn't impact
the nonlinear refractive index, allowing us to use
these relationships to determine third-order responses
or the real and imaginary components of the third-
order nonlinear optical susceptibility. Therefore, we
can find the third-order responses and the real and
imaginary parts of the third-order nonlinear optical
susceptibility using the following equations:

-4 2,2

Rex® = 1050;# ...(10)
-2 2,2

Imx(3) =M (11)

412

Hence, the absolute value of third order nonlinear
optical susceptibility is equal to

x| [x|=y/(Re x®)2 + (Im x(3))?

Using the above equations, the third order NLO
parameters of the grown LLPC crystal could be
estimated®**.

The normalised transmittance of an LLPC crystal
in both open and closed aperture modes has been
measured by adjusting the sample location (Z).
Figs 6 & 7 show the LLPC crystal's open aperture and
closed aperture curves. The closed aperture curve
exhibits a prefocal transmittance max. and a post focal
transmittance min. intensity, indicating the LLPC
crystal's negative non-linear refractive index.
Conversely, the open aperture Z-scan curve illustrates
that the transmitted intensity peaks at the focus,
confirming the occurrence of saturable absorption
within the sample. Calculations yield the nonlinear
absorption coefficient (p), third-order nonlinear
susceptibility (y(3)), and nonlinear refractive index
(n2) for the LLPC crystal as 3.305 x 107" m*/W,
6.351 x 10° m/W, and 7.493 x 10, respectively.
Given its negative nonlinear refraction, the LLPC
crystal proves valuable in applications such as optical
night vision sensor devices, optical switching, and
sensor protection™ .

..(12)
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Fig. 7— Closed aperture Z-scan curve for LLPC crystal

4 Conclusion

LLPC single crystals were cultivated using a
solution method with controlled slow evaporation.
Analysis via XRD revealed that the resulting crystal
adopts a monoclinic crystal system. Notably, the SHG
efficiency of the LLPC crystal surpassed that of the
KDP crystal by a factor of 1.87. Investigation into the
dielectric properties of the sample, including
dielectric loss and dielectric constant, was conducted
across various frequencies and temperatures.
Electronic polarizability of the LLPC crystal was
determined to be 4.142 x 10*cm’. Furthermore, the
projected LDT value for the LLPC crystal stands at
2.91 GW/cm®. Through Z-scan analysis, the third-
order nonlinear optical parameters were ascertained to
be 3.305 x 10" m*/W, 6.351 x 10”° m/W, and 7.493 x
10 esu. The LLPC crystal exhibits promise for both
second-order and third-order NLO applications,
including optical computers, night vision sensor
devices, optical switching devices, and second

harmonic generators, owing to its superior SHG
efficiency, high LDT value, and negative nonlinear
refraction.
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