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Abstract
A semi-organic nonlinear optical crystal of L-alanine nickel chloride (LAN) has been successfully grown by a slow evapora-
tion solution method. The single-crystal x-ray diffraction technique determined the lattice parameters of the crystal. Fourier-
transform infrared spectral analysis confirmed the functional groups present in the crystal lattice. The crystal was subjected 
to UV–Visible-NIR transmittance measurements, and its band-gap energy  was determined using transmittance studies. A 
Nyquist plot was used to determine the crystal's bulk resistance and dc conductivity. Fluorescence analysis was performed on 
the crystal, and green visible light was emitted from it when it was excited by UV light. Microhardness measurements were 
made on the crystal, and numerous parameters were analyzed. We studied the crystal's nonlinear optical properties, while 
its magnetic properties were determined using a vibrating sample magnetometer. TGA/DTA analysis was performed on the 
crystal, and it was found that its Second-harmonic Generation efficiency was more than that of the standard KDP sample. 
Hence, this crystal could be useful in laser technology, optical communication, optical computing, optical data processing, 
and photonics.
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Introduction

Nonlinear optical (NLO) materials are commonly used in 
optical modulation, fiber-optic communication, and opto-
electronics.1,2 Over the last decade, organics have domi-
nated the quest for novel frequency conversion materials. 

However, organic crystals have extremely broad nonlinear 
susceptibilities compared to inorganic crystals. According 
to recent research, their use is limited by their low optical 
transparency, poor mechanical properties, low thresholds 
for laser damage, and inability to produce and process large 
crystals. Due to the absence of extended-electron delocaliza-
tion, pure inorganic NLO materials usually exhibit superior 
mechanical and thermal properties but also exhibit mild 
optical nonlinearity. In semi-organic crystals, polarizable 
organic molecules are stoichiometrically bound within the 
organic host.2 Semi-natural systems offer  countless frame-
works and plans for the sub-atomic construction of new 
materials in crystal design techniques for assembling materi-
als. "Semi-organic NLO materials are ideal for system man-
ufacturing technology due to their improved chemical and 
physical properties, including high thermal stability, excel-
lent mechanical hardness, wide nonlinear coefficient, wide 
optical frequency range, and laser-induced resistance."3–5 
Semi-organic materials are coordination complexes of met-
als with organic ligands in which the organic ligand plays a 
prominent role in the NLO effect. Recent efforts have been 
undertaken to combine amino acids with novel inorganic 
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materials to generate materials superior to existing ones. The 
Zwitterionic shape alters amino acids' physical and chemical 
characteristics.6–9

"Amino acids are fascinating materials for NLO appli-
cation as they contain proton benefactor carboxyl acid 
(−COO) group and the proton acceptor amino  (NH2) group 
in them."10–13 L-alanine is an excellent organic nonlinear 
optical material belonging to the amino acid category, with 
a melting point of 297°C and belonging to the orthorhombic 
crystal system with a space group of  P212121. L-alanine, 
with a molecular weight of 89.09, is one of the smallest nat-
urally occurring chiral amino acids.14–18 Many scholars have 
investigated L-alanine complex crystals and published their 
findings.19–22 L-alanine is an organic material, and nickel 
chloride is an inorganic material; hence these chemicals have 
been mixed in a 1:1 molar ratio to produce a semi-organic 
NLO crystal, namely L-alanine nickel chloride (LAN). Here, 
I is intended to react nickel chloride with L-alanine and 
change the different properties of L-alanine. The advantages 
and disadvantages of organic and inorganic chemicals are 
considered in this investigation. It is known that an organic 
NLO crystal like L-alanine has low thermal stability, low 
mechanical strength, and high second-harmonic generation 
(SHG) efficiency, and an inorganic crystal like nickel chlo-
ride has high thermal stability, high hardness, and low NLO 
response; hence, the organic and inorganic reactants have 
been mixed to form a semi-organic NLO crystal. This paper 
aims to report the LAN crystal's growth, thermal, mechani-
cal, electrical, magnetic, and optical properties, and SHG 
efficiency.

Experimental

Material Preparation and Crystal Growth

The purity of source materials such as L-alanine and nickel 
chloride was 99%, and the chemicals were of AR grade, pur-
chased from Merck India. L-alanine and nickel chloride were 
taken in an equimolar ratio. L-alanine in the estimated quan-
tity was first dissolved in double-distilled water, then, nickel 
chloride was slowly added to the solution by stirring for 5 h 
at room temperature.18 The salt was obtained using a slow 
evaporation method after the prepared solution was allowed 
to dry at room temperature. Re-crystallization was used to 
increase the purity of the synthesized salt. After 23 days 
of growth, a transparent whitish-green colored crystal was 
obtained. Since the title crystal is soluble in water, the high 
optical quality crystal of L-alanine nickel chloride (LAN) 
was grown by aqueous solution with slow evaporation. As 
this sample decomposes before melting, the melting method 
could not be adopted to grow the crystal. Processing meth-
ods, such as stirring and filtering, were performed during the 

preparation of the solution. The crystal's image is shown in 
Fig. 1, and the size of the crystal was  20 × 15 × 11  mm3.

Results and Discussion

Single‑Crystal X‑ray Diffraction Analysis

The crystal of LAN was a single crystal; hence, we carried 
out a single-crystal x-ray diffraction study (XRD; Kappa 
Apex-II single crystal diffractometer, equipped with  MoKα 
radiation (λ = 0.7101 Å); Bruker) to find the crystal struc-
ture and lattice parameters. The lattice parameter values of 
the crystal are tabulated in Table I.

It was found that the lattice parameters of the crystal are 
completely different than those of the L-alanine  crystal22; 
hence, a new compound of LAN has been formed, and this 
work is reported for the first time.

Fourier‑Transform Infrared (FT‑IR) Vibrational 
Spectroscopic Studies

The FT-IR spectrum of the grown LAN crystal was recorded 
at room temperature using the KBr pellet technique on a 
Perkin Elmer Spectrometer in the range of 4000–500  cm−1 
(Fig. 2).

The absorption peak at 3452   cm−1 occurring in the 
higher energy region is due to the N-H stretch of the  NH3

+ 
symmetric stretching mode of vibration. At 3006  cm−1, 
the  CH2 symmetric stretching vibration mode emerged. 
Vibrations in the C-H stretching mode were detected at 
2923  cm−1 and 2592  cm−1. In the crystal, the carboxylic 

Fig. 1  A grown LAN crystal.

Table I  Lattice parameters value of the LAN crystal

Cell parameters (Å) Volume (Å3) System

a b c Orthorhombic
[α = β = γ = 90°]8.530 7.156 8.564 522.753
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group was detected as  COO−, and an ionized carboxylic 
group was detected in the region of 1413–1112  cm−1.

The vibration peak at 2249  cm−1 is due to  CH3 stretch-
ing, but the transmission peaks detected at 1583   cm−1 
and 1509  cm−1 are due to the ammonium group  (NH3

+ 
bending). The vibration peak at 2113  cm−1 is due to the 
torsional oscillation of  NH3

+. The C-O stretching mode 
of vibration was observed at 1740  cm−1. The vibration 
peak observed at 1013  cm−1 is attributed to the overtone 
of the torsional oscillation of  NH3

+. At 848   cm−1, the 
C-C-N stretching mode of vibration was detected. The 
O-C-O bending mode at 771   cm−1 was identified. The 
 COO− scissoring and  COO− rocking mode of vibrations 
were observed at 649  cm−1 and 536  cm−1, respectively.18 
Table II shows the frequency assignment of multiple func-
tional groups found in the LAN crystal.

Optical Properties

Linear Optical Transmission Study and the Relevant 
Constants

Optical measurement techniques such as spectroscopy are 
useful for determining the optical properties of crystals. In 
most cases, these methods are non-destructive, making them 
suitable for measuring optical parameters. Materials' opti-
cal properties are essential in assessing their suitability for 
optoelectronic devices. "The optical properties of a crystal 
are primarily determined by its optical transparency, absorp-
tion coefficient, band gap, extinction coefficient, and refrac-
tive index."23 The interaction of the crystal with the electric 
and magnetic fields produced by the electromagnetic wave 
determines the crystal's optical properties. To investigate a 
material's possible optoelectronic applications, it is essen-
tial to be familiar with optical constants such as the optical 
band gap and extinction coefficient. Additionally, materials' 
optical properties can be related to their atomic structure, 
electrical properties, and electronic band structure.

Optical Band Gap

The UV–Vis-NIR transmittance spectrum was measured 
using a Perkin-Elmer Lambda 35 Spectrometer over the 
wavelength range 190–1100  nm. Optical transmittance 
research is beneficial for determining the optical transmis-
sion range of a crystal's cut-off wavelength. When light inter-
acts with a molecule, it is often important to understand its 
electronic transition states. Figure 3 shows the UV–Vis-NIR 
spectrum of the LAN crystal that was observed. The wave-
length of the lower cut-off for the sample was 245 nm which 
is the same as the lower cut-off wavelength of the L-alanine 
crystal,24 while an extra absorption peak at 265 nm appears 
in the case of the LAN crystal. The high transmittance of 
the LAN crystal in the range from 300 nm to 1100 nm is 
very good for the emission of SHG radiation and other NLO 
applications.25

Fig. 2  FT-IR spectrum of the LAN crystal.

Table II  FT-IR spectral assignments for LAN crystal

Wavenumber  (cm−1) Assignments

3452
3006
2923,2592
2249
2113
1740
1583,1509
1413—1112
1013
848
771
649
536

NH3
+ symmetric stretching

CH2 asymmetric stretching
C-H stretching
CH3 stretching
NH3

+ torsion
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NH3

+ bending
COO− symmetric stretching
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+

C-C-N stretching
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COO− rocking
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Fig. 3  UV–Vis- NIR spectrum of the LAN crystal.
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Due to the  COO− and  NH2 groups' presence, limited con-
jugation length, and solid resonance in the crystalline state 
of LAN, the spectrum shows excellent transparency in the 
entire visible region of 400–800 nm. The magnitude of the 
optical energy band gap is one of the main goals of this 
research. The band gap (Eg) was computed to be 5.06 eV 
using the formula Eg = 1240/λ (here, λ is the wavelength in 
nanometers).

Optical transmittance measurements at room tempera-
ture were used to obtain the absorption coefficient (α) of the 
LAN crystal. The value was calculated using:

where T and t are the sample's transmittance and thickness, 
respectively. The relationship between the absorption coef-
ficient (α) and the photon energy (hν) is:

where Eg is the crystal's optical band gap, and A is a con-
stant. "A plot (Fig. 4) is drawn using the above relation, and 
the optical band gap is found to be 5.10 eV" and this value 
is observed to be almost the same as that of L-alanine.23–34

Luminescence Studies

Fluorescence is the emission of light that stops after the 
source of excitation has been cut off, and is most com-
monly seen in organic molecules with a rigid framework. 
The excitation wavelength used in this work was 240 nm. 
The nature of the sample used in the fluorescence study 
was the cut and polished crystal of LAN. The fluorescence 
emission spectrum was measured using a Perkin Elmer flu-
orescence spectrofluorometer in the range of 490–570 nm 
and is shown in Fig. 5. The emission spectra show a peak 
at 528 nm, demonstrating a green fluorescence emission.35 

(1)� =
2.303 log (1∕T)

t

(2)(�h�)2 = A
(

h� − Eg

)

Since the sample is slightly green in color, the LAN crys-
tal emits green light when it is excited with UV light of a 
wavelength of 240 nm.

Second‑Harmonic Generation (SHG) Studies

"SHG is also known as frequency doubling in nonlinear 
optics. It happens when photons interact successfully with 
a nonlinear material to form new photons with twice the 
energy and twice the original photons' frequency." The 
Kurtz and Perry powder approach was used to determine 
the SHG conversion efficiency of LAN.36 The crystal was 
ground into a uniform powder before being placed in a 
microcapillary tube, and then passed through an Nd:YAG 
laser (λ = 1064 nm) with a pulse length of 6 ns. A standard 
potassium dihydrogen phosphate (KDP) crystal was used as 
the reference sample. The SHG behavior was validated by 
the output of the green-light-emitting laser beam. For the 
input energy of 0.65 J, the LAN crystal produced a second-
harmonic emission of 20 mV, while the standard KDP crys-
tal produced an SHG of 17 mV for an equal input energy. As 
a result, the cultivated LAN crystal has an SHG efficiency 
of 1.17 times that of the standard KDP crystal. For com-
parison purposes, the relative SHG efficiency of some of the 
L-alanine-based crystals are provided in Table III. It can be 
seen that the SHG efficiency of the L-alanine nickel chlo-
ride crystal is compared with other L-alanine-based crystals. 
Since the LAN crystal has a relative SHG efficiency of more 
than 1, it can be used for NLO, photonic, optical communi-
cation, and laser applications.

Microhardness Measurement

Vickers microhardness studies were carried out to inves-
tigate the LAN crystal's mechanical behavior using a Shi-
madzu HMV-2 Vickers microhardness tester. "The strength, 

Fig. 4  Plot of (αhν)2 versus hν of the LAN crystal. Fig. 5  Fluorescence spectrum of LAN crystal.



5646 S. Thangavel et al.

1 3

molecular bindings, yield strength, and stiffness constant of 
a crystal are determined by its hardness."40–42 Hardness is 
a mechanical property of solids that is heavily influenced 
by their structure and composition. It is sometimes charac-
terized as resistance to dislocation motion, deformation, or 
damage under applied stress.43 The cut and well-polished 
crystals were subjected to a static indentation test with a load 
ranging from 25 to 100 g at room temperature. For loading, 
the indentation time was maintained at 10 s. At least five 
well-defined impressions were found for each load, and the 
average of all the diagonals (d) was computed.

The Vickers microhardness value (Hv) was obtained 
from:

where P denotes the applied load in g, d denotes the diagonal 
length of the impression in mm, and 1.8544 is a constant of 
the geometrical factor for the diamond pyramidal indenter. 
The relationship between hardness number (Hv) and load (P) 
for the LAN crystal is shown in Fig. 6.

The crystal's hardness increases as the load increases, 
and, above 100 g, cracks occur on the smooth surface due 
to the release of internal stresses caused by the indenta-
tions.44 Meyer's law P = adn describes the relationship 
between load and indentation size. The constants a and n 
vary depending on the material.44

(3)Hv = 1.8544
P

d2
kg∕mm2

The work-hardening coefficient n was determined to be 
3.701 by graphing log P versus log d (Fig. 7). "According 
to Onitsch and Hanneman, the value of 'n' for hard materi-
als is between 1 and 1.6, whereas 'n' for soft materials is 
greater than 1.6."39,45 As a result, it has been assumed that 
the LAN crystal is a substance of the soft group.

Yield Strength ( �y)

The yield strength of the grown LAN crystal can also be 
calculated using the relationship:

where Hv represents the hardness of the material and �y is 
the yield strength.

As illustrated in Fig. 8, a graph is plotted between yield 
strength and load. The yield strength increases as the load 
increases, implying that the LAN crystal has a compara-
tively high mechanical strength.

(4)�y =
Hv

3
N∕m2

Table III  Relative SHG 
efficiency of some L-alanine-
based crystals

S. no Name of the crystal Relative SHG effi-
ciency

Reference number

1 L-alanine nickel chloride 1.17 Current study
2 L-alanine strontium chloride trihydrate 1.4 [18]
3 L-alanine formate 2 [21]
4 L-alanine hydrogen chloride 0.76 [22]
5 L-alanine sodium nitrate 2 [37]
6 L-alanine alaninium picrate 1.47 [38]
7 L-alanine 0.33 [39]

Fig. 6  Variation of  Hv with applied load P for the LAN crystal.
Fig. 7  Plot of log P versus log d for the LAN crystal.
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Elastic Stiffness Constant (C11)

"The elastic stiffness constant is a measure of a material's 
ability to resist deformation and indicates how tightly 
atoms are bound together."46 The elastic stiffness constant 
for different loads was computed using Wooster's empirical 
formula:

The variation of C11 with the load is depicted in Fig. 9.

(5)C11 =
(

Hv

)7∕4
N∕m2

As shown in Fig. 9, the stiffness constant increases as the 
load increases. When the stiffness constant is high, the ion-
ion binding forces are extremely strong.

Fracture Toughness (Kc)

The fracture toughness was determined by:

where C is the crack circumference from the indentation 
mark's center to the crack tip, P denotes the applied load, 
and β = 7 is the Vickers indenter's geometrical constant.

Brittleness Index (BI)

The formula for calculating the brittleness index (BI) is:

Brittleness is another natural property that influences a 
material's mechanical behavior and determines whether it 
can fracture without significant deformation. For multiple 
loads (P), the hardness (Hv), stiffness constant (C11), yield 
strength (σy), fracture toughness (Kc), and brittleness index 
(BI) have been calculated and are described in Table III. It 
has been found from the microhardness study that mechani-
cal properties like hardness, elastic stiffness constant, yield 
strength, fracture toughness, and the brittleness index of the 
LAN crystal are high, and hence it can be used for NLO 
device fabrication. Since the mechanical properties of the 
sample are high, the thermal stability the LAN crystal are 
also high, as per the result obtained from thermogravimet-
ric (TGA) and differential thermal analysis (DTA) studies 
(Table IV).

Thermal Analysis (TGA/DTA)

TGA/DTA analysis was  performed using a NETZCH 
STA449F3 thermal analyzer at the heating rate of 10 °C/min 
in the temperature range of 25–450 °C in a nitrogen envi-
ronment. The thermograms of the LAN crystal are shown 
in Fig. 10. The TGA curve demonstrates no weight loss up 

(6)Kc =
P

�C3∕2
Kg mm−3∕2

(7)BI =
Hv

Kc

Fig. 8  Variation of yield strength with a load of LAN crystal.

Fig. 9  Variation of stiffness constant with load for the LAN crystal.

Table IV  Calculated mechanical 
parameters of the LAN crystal

Load P (g) Hv (kg  mm−2) Stiffness constant 
(C11) (× 1014 N/m2)

Yield strength 
(σy) (× 106 N/
m2)

Fracture toughness 
K × 105 (kg  mm−3/2)

Brittle-
ness index 
BI × 10–5

25 52.7 17.69 172.15 21.318 2.47
50 73.6 31.74 240.42 42.63 1.72
100 98.8 53.14 968.24 85.27 1.15
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to 244 °C, indicating that the LAN crystal is stable at that 
temperature. A high endothermic peak at 293 °C in the DTA 
range corresponds to the material's melting point. The sharp 
endothermic peak indicates that the sample has a high degree 
of crystallinity.47,48

It was determined from the thermal analysis results that 
no transformation or weight loss occurred below 244 °C. As 
a result, the LAN crystal can be used in various applications 
up to 244 °C.

Impedance Analysis

The impedance analysis for the LAN crystal was carried out 
in the frequency range of 1 Hz to 1 MHz at room temperature, 
using an impedance analyzer (STAT MC; Versa). Z* = Z′-jZ′′ 
represents a material's frequency-dependent electrical proper-
ties in terms of its complex impedance (Z*), where Z′ and Z′′ 
indicate the real and imaginary components of impedance, 
respectively, and j represents the imaginary factor.49 The sam-
ple was powdered and then pelletized, and the thickness of the 
pellet used in the study was 1.72 mm. For getting a good ohmic 
contact during the impedance measurement, both sides of the 
pellet were coated with the good-quality silver paint.

Figure 11 depicts the Nyquist plot of the LAN crystal at 
room temperature. A semicircular arc can be seen, implying 
that bulk effects dominate the material's electrical character-
istics,50 which determines the crystal's bulk resistance, which 
was 15,461 Ω. The dc conductivity (σdc) of the LAN crystal 
was determined by:

where d denotes the crystal's thickness, A is the crystal sur-
face area, and Rb is the bulk resistance of the crystal. The 
LAN crystal's dc conductivity was found to be 2.467 ×  10–6 
Ω−1  m−1 at room temperature. The crystal's low direct cur-
rent conductivity is due to a decrease in charge carrier 

(8)�dc =
d

ARb

Ω−1m−1

mobility caused by the ion size, which results in major 
changes in the electronic band structure.51,52

Magnetic Property–Ferromagnetic Behavior

The magnetic properties of the LAN crystal were investi-
gated using a vibrating sample magnetometer (VSM) (7404; 
Lakeshore) at room temperature. The sample was collected 
as a fine powder.

The magnetization of the LAN crystal as a function of 
the applied magnetic field at room temperature is plot-
ted in Fig. 12. The S-shaped curve in the center region of 
the plot suggests that the material exhibits ferromagnetic 
ordering during magnetization. According to the hyster-
esis curve depicted in Fig. 12, the LAN crystal's coercivity 
and remanence have been measured to be 139.841 Oe and 
2.3007 ×  10−7 emu/g, respectively. These values are pre-
sented in Table V.

A slight decrease in magnetization was observed 
above the saturation value. This may be due to a reduc-
tion in the spin–exchange interaction as the applied field 
increases. The saturation magnetization was found to be 
1.0416 ×  10–6 emu/g . The plot explicitly depicts the crys-
tal's ferromagnetic behavior. The material is described as 
a soft magnetic material due to the steepness of the loop's 
shape. Because the loop has a smaller area, the hysteresis 
loss is still small. The squareness ratio (Mr/Ms) was also 
estimated, and the small value of Mr/Ms suggests a magneto-
static interaction with multigrains. When pure L-alanine was 
put perpendicular to a magnetic field, it was a diamagnetic 
material, while the diamagnetic behavior was unexpectedly 
altered to a ferromagnetic behavior, as evidenced by VSM 
measurements.

Fig. 10  TGA/DTA thermogram of the LAN crystal. Fig. 11  Nyquist plot for the LAN crystal.
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Conclusion

An NLO crystal, i.e., L-alanine nickel chloride (LAN), was 
harvested after a growth period of 3 weeks by the solution 
method. XRD examination of a single crystal showed that 
the LAN crystal was orthorhombic. The vibrational modes 
of the functional group were confirmed by FT-IR spectral 
analysis. According to optical property tests, the crystal had 
a very high transmission across the entire visible field, which 
is the most attractive property of the material-processing 
NLO operation. The band-gap energy of the crystal was 
evaluated by UV–visible spectral study. According to the 
fluorescence spectrum, LAN emits a green fluorescence at 
528 nm. Vickers microhardness tests were used to assess the 
mechanical strength of the crystal. Nonlinear optical experi-
ments confirmed the SHG property. The crystal was stable 
up to 244 °C, as determined by thermal analysis. The crys-
tal's dc conductivity was measured using a Nyquist plot. The 
coercivity and remanence of the crystal were calculated from 
the hysteresis curve as 139.841 Oe and 2.3007 ×  10–7 emu/g, 
respectively. The relative SHG efficiency of the LAN crystal 
was 1.17 times that of a KDP sample. Since the crystal of 
LAN had a high thermal stability, high hardness, high NLO 
property, high transparency, and high optical band gap, this 
sample can be used for NLO devices, such as second-har-
monic generators, third-harmonic generators, sum-frequency 
generators, laser devices, and photonic devices, and could 

also be used for optical communication, optical data process-
ing and optical computing.
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