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L-Alanine doped with cadmium chloride crystal was grown by slow evapora-
tion technique in an optimum condition using de-ionized water as solvent.
Single crystal x-ray diffraction analysis was carried out to confirm the unit cell
parameters and cell volume. The presence of amine vibrations and carboxylic
acid vibrations affirm the presence of L-alanine in grown material by Fourier
transform infrared (FT-IR) analysis. The ultraviolet visible near-infrared re-
gion (UV–Vis-NIR) spectrum revealed that the grown crystal has a lower cut-
off wavelength at 246 nm and has high transmission in the entire visible
region. Further, energy gap and the refractive index of the crystal were also
calculated. Thermo-gravimetric (TG) and differential thermal analysis (DTA)
were carried out, and it is estimated that the material is thermally stable up to
233�C and the melting point of the crystal was found to be 298�C. The
mechanical strength of the material is estimated for various loads using
Vicker’s microhardness and it reveals that material belongs to a soft material
category. The electrical polarizability was calculated using known values such
as valence electron, molecular weight, energy gap and density of the material.
Z-scan technique for nonlinear studies was carried out on a LACC crystal to
determine the third order nonlinear absorption (b), nonlinear refractive index
(n2) and third order nonlinear susceptibility (v(3)) using continuous wave Nd:
YAG laser of 532 nm. Grown crystal shows that the material is very much
suitable for second harmonic generation for frequency conversion applications.

Key words: X-ray diffraction, FT-IR, microhardness, TG-DTA, electrical
polarizability, LDT, Z-scan technique

INTRODUCTION

In recent years, crystals possessing nonlinear
optical properties were given more attention due to
their applications in photonics, optoelectronics, fre-
quency doubling, device fabrication, laser-based

imaging, parametric amplifier, image reconstruc-
tion and data storage.1–4 The renewed interest to
study amino acid single crystals is because of their
high second harmonic efficiency mainly attributed
to the presence of p bonds.5 Moreover, amino acids
are bipolar in nature due to the presence of a
deprotonated carboxylic group (COO�) and a proto-
nated amine group (–NH3

+) known as Zwitteri-
ons.6–8 The carboxyl group present in amino acids
has potential ability to increase the charge mobility(Received December 27, 2018; accepted September 6, 2019)
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and photochemical stability of a crystal. All the
compounds in this class contain optically active
carbon atoms and thereby forming acentric crystals.
Among the amino acids, L-alanine is an efficient
nonlinear optical material because of its chirality
which induces an asymmetric molecular structure.9

In this regard, incorporating a suitable dopant over
amino acid materials enhances many important
properties.10 The thermal stability of L-alanine is
relatively higher than other amino acids.11 Accord-
ing to the literature, cadmium chloride is a suit-
able dopant which enhances the thermal and
mechanical stability of the organic crystal. In the
present work, cadmium chloride doped L-alanine
(LACC) crystals were grown from aqueous solution
by slow evaporation method. Then 0.1 mol of cad-
mium chloride was doped in 1 mol of L-alanine.
Grown crystals were subjected to instrumental
analysis for characterization by x-ray diffraction,
UV–Vis-NIR thermal, mechanical, electronic polar-
izability, second harmonic generation efficiency and
third order nonlinear optical properties.

EXPERIMENTAL DETAILS

Synthesis and Growth

Cadmium chloride doped L-alanine single crystals
were synthesized using L-alanine (LOBA) and cad-
mium chloride (MERCK) in a 1:0.1 molar ratio.
Deionized water was used as a solvent. The solution
was stirred continuously for 4 h using a magnetic
stirrer to attain homogeneity. The obtained satu-
rated solution was filtered using Whatman filter
paper and covered with a perforated paper for slow
evaporation in a dust free environment. After a
week, good quality seed crystals were harvested.
The harvested seed was immersed in mother solu-
tion. Good quality crystals were harvested after
37 days. Figure 1 shows the as grown crystal of
Cadmium Chloride doped L-alanine crystal.

Characterization Method

Cadmium Chloride doped L-alanine crystals were
characterized using various techniques like single
crystal x-ray diffraction, powder x-ray diffraction,
Fourier Transform Infrared (FTIR), UV–Vis-NIR
spectral, TG-DSC, electronic polarizability and non-
linear optical (NLO) studies. Single crystal x-ray
diffraction was performed using BRUKER APEX 2
with MoKa (k = 0.71073 Å) radiation. The powder x-
ray diffraction was performed using BRUKER
APEX 2 CuKa (k = 1.5406 Å) with step size 0.034 s
to measure the strain value. The FTIR spectrum
was recorded by KBr pellet technique between the
range 4000–400 cm�1. The UV–Vis-NIR transmis-
sion was carried out using Perkin Elmer LAMDA
950 in the range 200–900 nm. TG-DTA was per-
formed using NETZSCH STA 449 F3 Jupiter ther-
mal analyser to measure the thermal stability of the
crystals. The microhardness analysis was carried
out using a Shimadzu microhardness analyzer. The
second harmonic generation was detected using
Kurtz Perry powder technique. Z-scan was carried
out using a 532 nm diode pumped Nd: YAG laser
source.

RESULTS AND DISCUSSION

XRD Analysis

Single Crystal XRD

Single crystal x-ray diffraction studies were car-
ried using BRUKER APEX 2 with MoKa
(k = 0.71073 Å) radiation. The x-ray diffraction
analysis affirms that the LACC crystal belongs to
orthorhombic crystal system, and the unit cell
parameters are a = 5.83 Å, b = 6.08 Å and
c = 12.44 Å, a = b = c = 90�, and the cell volume
V = 441 Å3. The cell parameter values of LACC
crystal agrees with the earlier reported values of
pure L-alanine.5,11–13

Powder XRD

The powder diffraction studies were carried out
using BRUKER APEX 2 CuKa (k = 1.5406 Å) at the
optimum condition and the pattern was recorded
over a range of 10�C to 70�C with step size 0.034 s.
Figure 2 shows the powder x-ray diffraction pattern
of LACC crystal. The crystallinity nature of the
crystal is confirmed by the sharp peaks and the
peaks were indexed. The strain (g) present in the
grown crystal was calculated using the Hall–Wil-
liamson relation.14,15

b cos h ¼ kk
s
þ g sin h; ð1Þ

where b is full width at half maxima, h is the angle
of diffraction, k is Scherrer constant, k is wave-
length of x-rays, s is crystallite size and g is a strain.
Figure 3 shows the plot between bcosh versus sinh.
The strain value, g found from the slope of the graphFig. 1. As-grown LACC crystal.
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was found to be � 0.1166. In general, the negative
value of g indicates the vacancy type of defect in the
crystals.

FT-IR Analysis

The functional groups of the grown LACC crystal
were confirmed using Fourier transform infrared
spectroscopy. The molecular vibration of a material
and chemical bonding are analyzed using a Perkin-
Elmer spectrometer. Figure 4 shows the FTIR spec-
trum of LACC crystal. The peak observed at
3168 cm�1 is due to the asymmetrical stretching
vibration of –NH3

+. The asymmetrical bending
vibration of NH3

+ is observed at 2222 cm�1 and
2049 cm�1. The peak observed at 1418 cm�1 is due
to symmetric stretching of CO2

�. The peak at
1346 cm�1 indicates the C-H deformation in CH3.
The sharp peak observed at 1112 cm�1 is due to
NH3

+ rocking and C-O Stretching. The presence of
CO2

� (or) C-C-N group deformation vibration is

positioned at 560 cm�1. Torsional vibrations of
NH3

+ are assigned at 490 cm�1. The presence of
expected functional groups of LACC crystal was
confirmed by FTIR analysis.12,16

Optical Studies

The UV–Vis-NIR transmission spectrum of the
grown crystal was recorded for the range 200–
900 nm and Fig. 5 shows the recorded transmission
spectrum. From the transmission spectrum, the
LACC crystal exhibits high transmission in the
entire visible region nearly 70% with a lower cut-off
wavelength at 246 nm. The wide transparency of
LACC crystal shows it is more important for
optoelectronic device fabrication.17 The absorption
coefficient (a) of the LACC crystal can be calculated
using transmission data and it is given by Ref. 18.

Fig. 2. Powder x-ray diffraction pattern of LACC crystal.

Fig. 3. The plot between bcosh versus sinh.

Fig. 4. FTIR spectrum of LACC crystal.

Fig. 5. Optical transmission of LACC crystal.
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a ¼
2:303 log 1

T

� �

t
; ð2Þ

where t is the thickness of the crystal, a is absorp-
tion coefficient and T is transmission in percentage.
The optical transition of LACC crystal is of direct
transition nature. The optical band gap was calcu-
lated using the relation

ahmð Þ ¼ A hm� Eg

� �1=2
; ð3Þ

where a, h, m, and Eg are absorption coefficient,
Plank’s constant, frequency and energy gap, respec-
tively. Figure 6 shows the variation of (ahm)2 with hm
in the absorption region.19 The energy gap of LACC
crystal was estimated as 5.01 eV. There by absorp-
tion coefficient (a) correlated to the extinction
coefficient (K) is shown as,2

K ¼ ak
4p

ð4Þ

The reflectance (R) in terms of the absorption
coefficient can be derived from the following
relation.20

R ¼ exp �atð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
exp �atð ÞT � exp �3atð ÞT þ exp �2atð ÞT2

p

exp �atð Þ þ exp �2atð ÞT
ð5Þ

The obtained value for the reflectance can be
further used to calculate the refractive index of
the crystal, using the following relation21

n ¼
� Rþ 1 þ 2

ffiffiffiffi
R

p� �

R� 1ð Þ : ð6Þ

The refractive index of the material was found to be
1.7 in the visible region. Figure 7 shows the varia-
tion of the extinction coefficient and refractive index
versus wavelength of the LACC crystal.

Thermal Analysis

The thermal stability of the LACC crystal was
estimated by thermo-gravimetric (TG) and differen-
tial thermal analyses (DTA). The TG-DTA analyses
were carried out between 25�C and 370�C at a
heating rate of 10 K/min using NETZSCH STA 449
F3 Jupiter analyzer under nitrogen atmosphere and
is depicted in Fig. 8. The TG curve shows a single
stage decomposition weight loss pattern. The max-
imum weight loss observed between 233�C and
306�C with a weight loss of 98% is due to the
elimination of gaseous molecules. From the TG
curve it is observed that the material is found to be
thermally stable and suitable for optoelectronics
device fabrications. DTA curve shows a single
endothermic peak at 298�C which corresponds to
melting point of material. A good degree of crys-
tallinity of the crystal is confirmed by the sharp
endothermic peak of the DTA curve. Thermal
stability of the material is enhanced by doping

Fig. 6. Tauc’s plot of LACC crystal.

Fig. 7. Variation of the refractive index and extinction coefficient
versus wavelength of the LACC crystal.

Fig. 8. TG-DTA curve of LACC crystal.
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Cadmium Chloride, which is an essential condition
for device fabrication.

Microhardness Measurement

The microhardness analysis study for the grown
LACC crystal was performed by Vicker’s diamond
pyramidal indenter. The mechanical strength of the
material plays an important role in optoelectronic
device fabrication. The indentations were made
using Vicker’s pyramidal indenter for different
loads from 10 g to 100 g with a constant indentation
period of 10 s for all loads.22 The hardness of the
LACC crystal can be calculated using the relation.23

Hv ¼ 1:854p

d2
ðkg=mm2Þ; ð7Þ

where P is the applied load in kg and d is the
diagonal length in mm. A plot is depicted in Fig. 9.
And shows the variation of Vicker’s hardness num-
ber with an applied load for LACC crystal. It is
clearly seen that LACC crystal has a reverse
indentation size effect (RISE) due to the increase
of hardness (Hv) as load (P) is increased.24 The value
of the work hardening coefficient is essential to
identify the material strength. The Meyer’s index
(n) value for the soft material is greater than 1.6
and for hard material, it is less than 1.6. The
Meyer’s index (n) can be determined using the
relation.25

P ¼ Kdn ð8Þ

LogP ¼ LogK þ nLogd; ð9Þ

where K is a constant for a crystal and n is Meyer’s
index. The Meyer’s index (n) is estimated from
Fig. 10 which gives variation between log P and log
d, by linear fitting. The slope value of the linear fit

was identified as n = 3.04, which affirms that the
LACC crystal belongs to the soft category. The
experimental results ensure that inclusion of
dopant in L-alanine increases the mechanical sta-
bility which is essential for optoelectronic device
fabrications.

Calculation of Nonlinear Parameters

Solid state parameters are important in electro-
optic polarizability of the LACC crystal and it is
essential for the efficiency of second harmonic
generation. The dielectric constant at high fre-
quency depends on the electronic polarizability by
valence electron of the material. The plasma energy
(�hxp) is given by Ref. 26.

�hxp ¼ 28:8
zq
M

� �1=2
; ð10Þ

where molecular weight (M) of the crystal is
89.09 g/mol, the sum of valence electron (Z) is 36
and q, density of the material is 1.424 g/cm3. The
Penn gap and the Fermi energy of the material were
computed using the relations.27

Ep ¼ �hxpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðe1 � 1Þ

p ; ð11Þ

Ef ¼ 0:2948ð�hxpÞ4=3; ð12Þ

where er dielectric permittivity of the material at
high frequency, Ep is Penn gap and Ef is Fermi
energy. Electronic polarizability (a) of the material
can be computed using the relation.28

a ¼ ð�hxpÞ2S0

ð�hxpÞ2S0 þ 3E2
p

" #

�M

q
0:0396 � 10�24 cm3;

ð13Þ

Fig. 10. Variation of log d and log p for LACC crystal.

Fig. 9. Variation of Vicker’s hardness number and applied load for
LACC crystal.
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where S0 is constant for a particular material which
is given by Ref. 29.

S0 ¼ 1 � Ep

4EF

� �
þ 1

3

Ep

4EF

� �2

ð14Þ

Electronic polaraizability of the grown material
was calculated from Eq. 13 and is in good agree-
ment with that from the Clausius–Mossotti
relation.21

a ¼ 3M

4pNaq
e1 þ 1

e1 þ 1

	 

ð15Þ

The nonlinear parameter values of the grown
LACC crystal are shown in Table I.

Kurtz–Perry Powder Second Harmonic
Generation Studies

The grown crystals of Cadmium Chloride doped L-
alanine crystals were subjected to Kurtz–Perry30

powder technique for second harmonic generation
(SHG) test to confirm the nonlinear optical (NLO)
property. The crystals were taken in powder form
and tightly packed between glass slides. Nd: YAG
Q-switched laser beam of wavelength 1064 nm was
made to fall on the powder sample with a pulse
width of 6 ns at a repetition rate of 10 Hz. The
crystalline samples were powdered and exposed to
laser radiation with the input beam energy of
0.701 J. The emission of green light from the sample
confirms the second harmonic generation in the
crystal. The powder sample of Potassium dihydro-
gen phosphate (KDP) crystal was used as reference
material in the SHG measurement. The output
energy of LACC was 13.025 mJ and KDP emitted
output energy of 8.94 mJ. The efficiency of LACC
crystals was found to be 1.457 times greater than
that of the KDP crystals.

Laser Damage Threshold Studies

LDT is an essential method for estimating the
amount of electromagnetic radiation that can be
resisted by an optical component. The LDT value
mainly depends on the dislocation density of the
material. The material which has less dislocation
density can have higher LDT value. The frequency
doubling performance of the crystals mainly
depends on the surface damage tolerance and the
surface damage of the crystal was measured utiliz-
ing the following equation.31

Power density Pdð Þ ¼ E

sA
; ð16Þ

where E is the input energy (mJ), s is a pulse width
(6 ns) and A is an area of the spot (mm2). The
calculated LDT value of the LACC crystal was 9.14
GW/cm2. The calculated LDT value of LACC crys-
tals shows that it has higher value than that of
standard NLO material like KDP (0.20 GW/cm2),
urea (1.50 GW/cm2) and some amino materials such
as LHNP (2.04 GW/cm2)32 and LAPT (6.72 GW/
cm2).33 The higher LDT value of LACC shows that it
is a suitable candidate for higher power laser
application and optoelectronic device fabrication.

Z-Scan Measurement

The nonlinear absorption coefficient (b) and third
order nonlinear refractive index (n2) can be deter-
mined by investigating the third order nonlinear
properties of LACC crystals using a single beam
source of Nd-YAG laser (intensity 50 mW,
k = 532 nm) with beam diameter is 0.5 mm.20,24

The nonlinear refractive index (n2) is given by Ref.
34,

n2 ¼ DU
KI0Leff

; ð17Þ

where DU is the axial phase shift, I0 is the intensity
of the laser beam at the focus, K is wave vector and
Leff is the effective thickness of the material. The
nonlinear absorption coefficient (b) is calculated
using relation35

b ¼ 2
ffiffiffi
2

p
DT

I0Leff
; ð18Þ

where DT is the one-Peak value at the open
aperture Z-scan curve. The third order nonlinear
optical susceptibility (v(3)) with its imaginary and
real parts were computed using the relation,36

Rev 3ð Þ ¼ 10�4e0c
2n2

0n2DU
p

; ð19Þ

Imv 3ð Þ ¼ 10�2e0c
2n2

0kb
4p2

; ð20Þ

Table I. Nonlinear parameter’s value of the grown
LACC crystals

Parameters Value

Plasma energy (�hxp) 21.84 (eV)
Penn gap (Ep) 9.00 (eV)
Fermi energy (Ef) 18.00 (eV)
Electronic polarizability (Penn

analysis)
1.56 3 10�23 cm3

Electronic polarizability
(Clausius–Mossoti)

1.64 3 10�23 cm3

Electronic polarizability
(optical band gap)

2.07 3 10�23 cm3
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where eo is the permittivity of the vacuum, c is the
velocity of light in vacuum and no is the linear
refractive index of the sample. The third order
nonlinear optical susceptibility of LACC crystal was
estimated using the relation,37

vð3Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½Reðvð3ÞÞ�2 þ ½Imðvð3ÞÞ�2

q
: ð21Þ

Z-scan curves of closed aperture and open aper-
ture are shown in Figs. 11 and 12, respectively.

From the Z-scan measurements, (b) is the nonlinear
absorption coefficient, (n2) is the nonlinear refrac-
tive index and (v(3)) is third-order nonlinear suscep-
tibility.37 These parameters were calculated using
the above equations and are shown in Table II. The
peak followed by a valley in closed aperture shows
negative nonlinearity due to self-defocusing. The
peak in the open aperture curves shows saturable
absorption. The third-order susceptibility of the
material was found to be greater than other NLO
crystals. The comparison of nonlinearity with some
NLO crystals is shown in Table III. Hence, the title
material is very much suitable for optoelectronic
device fabrication.

CONCLUSION

Optically good transparent cadmium chloride
doped L-alanine crystals were grown from aqueous
solution by employing the solvent evaporation
method. x-ray diffraction studies confirm that the
crystal has good crystalline nature, and it belongs to
the orthorhombic crystal system. Presence of
expected functional groups was confirmed by the
FTIR spectrum. From the UV transmission spec-
trum, energy gap and cut-off wavelength were found
to be 5.01 eV and 246 nm, respectively. TG-DTA
curve shows the melting point of the crystal to be
298�C. From the hardness study, it is seen that
grown LACC crystal belongs to the soft crystal
category. Various solid state parameter values of
LACC crystals were calculated from measurement.
SHG efficiency confirms that the crystal has greater
efficiency than KDP. The LDT value of LACC
crystals was measured and compared to some
standard NLO materials. Z-scan studies show that
the material has a large value of the nonlinear
optical refractive index (n2) and nonlinear absorp-
tion coefficient (b). The studies carried out on title
material conclude that the thermal stability of the
material is enhanced due to doping and mechanical
strength is increased. Thus, various studies carried
out on LACC crystal suggest that the material has
great potential for nonlinear optoelectronic device
fabrication.
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Fig. 12. Open aperture Z-scan curve of LACC.

Table II. Nonlinear optical parameters of the
LACC crystals

n2 3 1026 (cm2/
W)

b 3 1025 (cm/
W)

v(3) 3 1025

(esu)

3.84 2.41 5.32

Fig. 11. Closed aperture Z-scan curve of LACC.

Table III. Comparison of the nonlinear absorption
coefficient and third order nonlinear optical
susceptibility values of some NLO crystals

b (cm/W) v(3) (esu) Reference

0.08 9 10�4 2.74 9 10�6 KB535
� 5.518 9 10�4 3.02 9 10�8 KDNB20
2.41 9 10�5 5.32 9 10�5 Present work
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