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Nonlinear optical single crystals of L-cysteine hydrochloride monohydrate (LCB) were grown by slow evap-
oration technique. Single crystal X-ray diffraction analysis revealed the crystal system and helped to determine
lattice parameter values. Powder X-ray diffraction analyses were carried out and the diffraction patterns were

indexed. The optical properties of the crystals were determined using UV-visible spectroscopy.

Optical con-

stants such as refractive index, extinction coefficient and electric susceptibility were determined from UV-visible
spectroscopy. The Fourier transform infrared studies confirmed the various functional groups present in the grown
crystal. The mechanical behaviour of the grown crystals was studied using Vicker’s microhardness tester. The ther-
mal analysis confirmed that the crystal was stable up to 108.7°C. The dielectric constant and the dielectric loss
measurements were carried out for different temperatures and frequencies. Second harmonic generation of LCB

crystal was investigated by the Kurtz powder technique.
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1. Introduction

In recent years there has been considerable interest in
synthesizing non-linear optical materials with excellent
second order optical non-linearities owing to their poten-
tial application in electro-optic and opto-electronic de-
vices [1, 2]. Non-linear optics (NLO) is at the forefront
of current research because of its importance in providing
the key functions of frequency shifting, optical modula-
tion, optical switching, optical logic and optical mem-
ory for the emerging technologies in the areas such as
telecommunications, signal processing and optical inter-
connections [3, 4].

The rapid development of optical communication sys-
tems has led to a demand for non-linear optical materials
with high optical quality. Owing to the technological im-
portance of these non-linear crystals, the need for good
quality crystals has grown dramatically in the last few
decades. The wide range of applicability of bulk single
crystals is evident in the fields of semiconductors, infrared
detectors, non-linear optics, piezoelectric oscillators, pho-
tonics and optoelectronic industries. The key factors for
materials selection depend not only on the laser condi-
tion but also on the physical properties of the crystal
such as transparency, damage threshold, conversion effi-
ciency, phase matching, temperature stability, and size of
the crystal [5]. Slow evaporation methods, slow cooling
method etc., are known for single crystal growth tech-
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niques from solution [6-8]. Solution growth technology
plays a principal role for the non-linear optical suscepti-
bilities. The transparency and other mechanical proper-
ties of the grown crystals are affected in other growth pro-
cesses due to thermal stress. It is reported that solution
growth overcomes these difficulties due to its simplicity
and convenience [9].

The borate crystals generally possess chemical stabil-
ity, high damage threshold and high optical quality [10].
The experiment conducted by Becker on NLO materials
proved that borate compound materials are superior to
other commonly used materials for UV applications [11-
13]. Moreover, amino acids are dipolar in nature and the
molecules possess an electron donor group and an elec-
tron acceptor group. This leads to large second order
optical non-linearity arising out of intramolecular charge
transfer between the donor and the acceptor. Owing to
dipolar nature, amino acids are considered to be high
potential for NLO applications [14].

Some of the L-cysteine complexes are L-cysteine tar-
tarate monohydrate [15], L-cysteine hydrochloride mono-
hydrate [16, 17] and L-cysteine hydrochloride [18]. In the
present investigation, attempts were made to grow single
crystals of L-cysteine hydrochloride monohydrate (LCB)
by slow solvent evaporation technique and characteri-
zation on single crystal X-ray diffraction (XRD), UV-
visible absorption, the Fourier transform infrared (FT-
IR) spectroscopy, microhardness, thermogravimetric-
differential thermal analysis (TG-DTA), differential scan-
ning calorimetry (DSC), second harmonic generation and
dielectric studies were done as well.
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2. Growth of LCB single crystal

Single crystals of L-cysteine hydrochloride monohy-
drate were formed by dissolving commercially available
L-cysteine hydrochloride monohydrate in double distilled
water using slow evaporation technique. The solution
was stirred continuously for 5 h using a magnetic stirrer
to obtain a homogeneous mixture over the entire volume
of solution. The prepared solution was filtered and kept
undisturbed at room temperature. Tiny seed crystals
with good transparency were obtained due to the spon-
taneous nucleation. Among them, defect free seed crystal
was suspended in the mother solution, which was allowed
to evaporate at room temperature. Large size single crys-
tals were obtained due to the collection of monomers
at the seed crystal sites from the mother solution, af-
ter the nucleation and growth processes were completed.
LCB crystal of dimension about 20 x 11 x 8 mm? was
harvested in a growth period of 35 days by slow evapo-
ration of the solvent. The photograph of the grown LCB
crystal is shown in Fig. 1.

Fig. 1.

Photograph of LCB.

3. Results and discussions

3.1. Single crystal X-ray diffraction analysis

Single crystal X-ray diffraction analysis for the
grown crystals LCB was carried out to identify the
cell parameters using an MESSRS ENRAF NONIUS
CAD 4, The Netherlands, automatic X-ray diffractome-
ter. The lattice parameters were calculated by using
least-squares refinement and were found to be: a =
1943 A, b = 721 A, ¢ = 554 A and the crystal be-
longed to orthorhombic system and space group P212;2;
which agreed well with the reported values [19].

3.2. Powder X-ray diffraction studies

The powder X-ray diffraction study was performed on
the grown crystal to determine its lattice parameters.
The crystal was scanned over the range 20°-70° at a rate
of 1° per minute. The lattice parameters and the cell
volume obtained from powder XRD were: a = 19.43 A,

b =721 A, ¢ =554 A and the crystal belonged to
orthorhombic crystal system and space group P2;2:2;.
The peaks obtained from powder XRD were indexed us-
ing UNIT CELL program. The indexed powder pattern
is shown in Fig. 2. The results agreed well with single
crystal XRD results.
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Fig. 2.
crystal.

Powder X-ray diffraction pattern of LCB single

3.3. UV-visible spectroscopy

The optical transmission spectrum of LCB single crys-
tal was recorded in the wavelength region 200-1400 nm
and it is shown in Fig. 3a. For optical fabrications, the
crystal should be highly transparent in the considered
region of wavelength [20, 21]. The favorable transmit-
tance of the crystal in the entire visible region suggests
its suitability for second harmonic generation. The UV
absorption edge for the grown crystal was observed to
be around 255 nm. The dependence of optical absorp-
tion coefficient on photon energy helps to study the band
structure and type of transition of electrons. The optical
absorption coefficient («) was calculated from transmit-
tance using the following relation [22]:

o (1), .

where T is the transmittance and d is the thickness of the
crystal. The crystal under study had an absorption coef-
ficient («) obeying the following relation for high photon
energies (hv):
1/2
o A(hv — Eg)Y/ ’ @)
hv
where E, is the optical band gap of the crystal and A is
a constant. A plot of variation of (ahv)? versus hv is
shown in Fig. 3b. E, was evaluated using the extrapo-
lation of the linear part [23]. Using the Tauc plot, the
energy gap (Ey) was calculated to be 4.80 eV and the
large band gap clearly indicated the wide transparency
of the crystal [24]. This high band gap value indicated
that the grown crystal possessed dielectric behaviour to
induce polarization when powerful radiation was incident
on the material.
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Fig. 3. (a) UV-vis spectrum, (b) plot of (ahv)? vs.
photon energy hv of LCB.

3.8.1. Determination of optical constants

Two of the most important optical properties, viz., the
refractive index and the extinction coefficient are gener-
ally called optical constants. The amount of light that
transmits through crystal depends on the amount of the
reflection and the absorption that take place along the
light path. The optical constants such as the refractive
index (n), the real part of dielectric constant (e,) and
the imaginary part of dielectric constant (g;) were deter-
mined. The extinction coefficient (K) could be obtained
from the following equation:

A
K= i (3)
The extinction coefficient (K) was found to be 3.12x107°
at A = 1400 nm. The transmittance (7) is given by

(1 —R)%exp (—at) 4
1 — R%exp(—2at)’ )
Reflectance (R) in terms of absorption coefficient was ob-
tained from the above equation [25]. Hence,

R 14 /1 — exp(—at + exp(at) . 5)

1+ exp(—at)
Refractive index (n) could be determined from reflectance
data using the following equation,
V3RZ+10R -3
o _ _(R+1)*VBRP+10R -3 ©
2(R—-1)

The refractive index (n) was found to be 1.25 at A =
1400 nm. From the optical constants, electric sus-
ceptibility (x.) could be calculated using the following
relation [26]:

T =

e = &g + 4mxe = n? — k2. (7)

Hence,
2 2
xe=TT8 T8 Q
T

where g¢ is the permittivity of free space. The value of
electric susceptibility (x.) was 0.214 at A = 1400 nm.
The real part dielectric constant (¢,) and the imaginary
part dielectric constant (g;) could be calculated from the
following relations:

e =n? — k2, (9)

g; = 2nk. (10)
The values of real dielectric (&,) and the imaginary con-
stant (g;) at A = 1400 nm were estimated at 1.345 and
4.785x 1073, respectively. The moderate values of the re-
fractive index and the optical band gap suggest that the
material has the required transmission range for NLO ap-
plication. The lower value of dielectric constant and the
positive value of the material enable the occurrence of
induced polarization due to intense incident light radia-
tion. The optical conductivity is one of the powerful tools
for studying the electronic states in materials. The fre-
quency dependence of the dielectric indicates that a ma-
terial’s polarization does not respond instantaneously to
an applied field. For this reason, dielectric constant is of-
ten treated as a complex function of the frequency of the
applied field. A perfect dielectric is a material that has
no conductivity. However, the grown crystals associated
with low dielectric loss inhibit the propagation of electro-
magnetic energy which aided conductivity. The optical
conductivity (o) of the crystal was calculated using the
following relations [27-30]:

w
o= EIm(z—:), (11)
where the value of Im(¢) is given by
C2
Im(e) = —— (ka), 12
) = Za (ko) (12)

where pu, is the relative permeability. For most crys-
talline materials pu, is very close to 1 at optical frequen-
cies. On putting the value of Im(¢) in Eq. (11):

anc

= — 13
o=, (13

where ¢ is the velocity of light, « is the absorption co-
efficient and n is the refractive index. The optical con-
ductivity as a function of the frequency response of the
material when irradiated with light was calculated by us-
ing the following relation and its value was found to be
1.4 x 107 s~! at 1400 nm. The electrical conductivity
could also be estimated by optical method using the fol-
lowing relation [31]:
2o
=— (14)
The electrical conductivity was found to be 5.36 X
1019 Q7! em™! at 1400 nm. The material is found to
be transparent to all radiations in the wavelength range
of 255-1400 nm. As there is no change in the transmit-
tance in the entire visible region, it is an advantage as it

O¢
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is the key requirement for materials having NLO prop-
erties. For short wavelengths Rayleigh scattering of in-
homogeneities becomes important and towards UV wave-
lengths electronic absorption starts to kick in. At around
1400 nm there is a strong absorption from OH groups.
This leaves two windows for telecommunication with sim-
ilarly low absorption: one around 1300 nm and another
one around 1500 nm. For larger wavelengths infrared
absorption starts to increase.

3.4. FTIR analysis

The Fourier transform infrared spectrum of LCB crys-
tal was obtained in the middle IR region between 4000
and 400 cm~! using Bruker IFS 66V FTIR spec-
trophotometer and the spectrum is shown in Fig. 4.
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Fig. 4. FTIR spectrum of LCB.

The vibration spectrum of a molecule generally consists
of two major regions: (i) group frequency region, (ii) fin-
ger print region. Group frequencies are vibrations that
are associated with certain structural units such as CHs,
—NH,, -C=N etc., and appear fairly at a constant region
in the spectrum. The molecules having similar groups
show their vibration in the form of bands called finger
print region [32]. In the case of LCB, COy symmet-
ric and asymmetric stretching modes of L-cysteine are
assigned to the bands at 1592 and 1384 cm ™!, respec-
tively. The bands at 1572, 1424, and 1384 cm~! for L-
cysteine are assigned to the CO,; asymmetric and sym-
metric stretching modes. The presence of these bands
showed that the adsorbed L-cysteine was to be in its zwit-
terionic state. The presence of NH;‘ group is in fact sup-
ported by the assigned band at 1632 cm ™" for L-cysteine.
The bands at 1184 cm ™! for L-cysteine as well supported
the presence of the NHJ group [33-36]. The peak at
3633 cm~! is assigned to OH stretching vibration. For
water molecules, the frequencies of the normal modes are
3730, 1595, and 3756 cm™! according to Herzberg [37].
In the case of LCB, the symmetric and the asymmetric
stretching of water give rise to absorption bands at 3633,
1592, and 3784 cm .

3.5. Microhardness analysis

Microhardness studies were carried out on the pol-
ished LCB crystal using MMT-X7B MATSUZAWA Vick-
ers microhardness tester fitted with a diamond indenter.

The well polished LCB crystal with smooth and domi-
nant face was placed on the platform of the Vickers mi-
crohardness tester. Now any one face of the crystal was
indented gently by the loads varying from 1 g to 50 g,
for a dwell period of 3 s using Vickers diamond pyra-
mid indenter attached to an incident ray research micro-
scope. The Vickers indented impressions were approx-
imately square in shape. The shape of the impression
was structure dependent, face dependent and also mate-
rial dependent. For a particular load, at least two well-
defined impressions in the X-axis and the Y-axis were
considered and the average of all the diagonals d was
considered. The Vickers hardness number (Hy ) was cal-
culated using the standard relation

Hy = 1.8544P/d?, (15)
where P is the applied load in kg, d is the diagonal length
of the indentation impression in micrometer and Hy is
in kg/mm?. The variation of hardness number Hy and
load P for LCB crystal is shown in Fig. 5a. The hard-
ness increases gradually with the increase of load. Owing
to the application of mechanical stress by the indenter,
dislocations are generated locally at the region of the in-
dentation. Higher hardness value of a crystal indicates
that greater stress is required to form dislocation thus
confirming greater crystalline perfection [38]. According
to the Meyer law, the relation connecting the applied load
is given by

P =Fkd", logP =logk+ nlogd, (16)
where n is the Meyer index or work hardening exponent
and k; is the constant for a given material. The above
relation indicates that Hy should increase with load P if
n < 2 and decrease with load P when n < 2. n was deter-
mined from the slope of the plot that is shown in Fig. 5b.
The value of n for LCB was found to be 2.29. The low
value of work hardening coefficient n illustrates fewer de-
fects in the grown crystal. The large value of n indicates
large effect of dislocations. According to Onitsch [39],
n should lie between 1 and 1.6 for harder materials and
above 1.6 for softer materials. From the hardness study,
the grown LCB crystal is found to be relatively soft ma-
terial [40, 41]. The material constant k; is calculated
using the relation k; = P/d? and it was found to be
6.18 x 10° kg/m. The elastic stiffness constant (Ci1)
was calculated by using the Wooster empirical relation
as Oy = H'/* [42]. The resistance pressure is defined
as a minimum level of indentation load (W) below which
there is no plastic deformation [43]. Hays and Kendall
proposed a relationship to calculate W by the equation

d™ = W/ky + (ko/k1)d>. (17)
The plot between d" and d? shown in Fig. 5c, gives a
straight line having slope (k2/k;1) and intercepts (W/k1).
From the graph, the slope and the intercept were found
to be 3.03 x 102 and 6.38 x 10°. From these values, the
minimum level of indentation load W was calculated to
be 16.98 g and the value of n was found to be 2.29. From
this analysis, it is clear that below 16.98 g, the crystal
does not exhibit plastic deformation and from 16.98 g and
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upwards, it exhibits plastic deformation. Beyond 50 g,
cracks develop on the smooth surface of the crystal.
The micro-indentation test is a useful method for study-
ing the nature of plastic flow and its influence on the
deformation of the material. Also, the hardness of the
crystal is dependent on the type of chemical bonding,
which may differ along the crystallographic direction [44].
Hardness is one of the important factors in selecting the
processing (cutting, grinding, and polishing) steps of bulk
in the fabrication of devices based on the crystals. It is
therefore important to study the mechanical properties
of NLO or organic crystals [45].
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3.6. Thermal analysis

The TGA and DTA are very important to find the
thermal stability of the substance. Thermal analysis
was carried out using SDT Q600V 8 build 95 simultane-
ous TGA/DTA analyzer in the nitrogen atmosphere at a
heating rate of 20°C/min in the temperature range 20—
1000°C for LCB crystal. A powder sample of 4.83 mg
was used for this investigation. From Fig. 6 there is
observed a weight loss of about 20.01% in the temper-
ature range 108.7-138.07°C which is mainly attributed
to the decomposition of water molecules. It is evident
that the compound LCB is stable up to the tempera-
ture 219.20°C. The TGA curve also shows that there
is a weight loss of about 17.42% in the temperature
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Fig. 6. TG-DTA curve of LCB.
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Fig. 7. DSC curve of LCB.

range 795.55-889.53°C due to the liberation of volatile
substance in the compound. The DTA curve shows an
exothermic peak at 219.2°C, which is the melting point
of the substance. Then it undergoes an irreversible en-
dothermic peak at 810.91°C which shows the decompo-
sition of the material [46]. The heat capacity at constant
pressure, of LCB crystal was measured by DSC analy-
sis in the temperature range 20-1000°C at the heating
rate of 20°C/min in the nitrogen atmosphere for the sys-
tem calibration using SDT Q600V 8 build 95. Crystal
weighing about 4.83 mg was placed in a sealed alumina
DSC pan. The DSC curve of LCB is shown in Fig. 7.
There is no endothermic transition below 212 °C; the ma-
terial was proved to be stable in this region. It is the
property observed for compounds, where the lattice force
is more predominant than the covalent bonding forces
in the molecules. Even the resistivity of the material
against the thermal crack was visible evidence in this
study. The DSC curve observed is smooth up to 212°C.

3.7. Dielectric studies

Good quality single crystals of LCB having regular
faces were selected for dielectric measurements. The crys-
tal for the study was prepared from the larger ones by
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thinning them to the appropriate thickness. Suitably
cut and polished LCB crystals (with known dimensions)
were subjected to dielectric studies using HIOKI 3532-
50 HITESTER LCR meter with a conventional four ter-
minal sample holder. The crystal was prepared and
mounted between the copper electrodes. In order to
ensure good ohmic contact, the side of the crystal was
coated with silver. The experiment was carried out for
frequencies varying from 50 Hz to 5 MHz and for different
temperatures. The study of the dielectric constant (&)
and the dielectric loss (tand) as a function of frequency
and temperature helps us to know the various polariza-
tion mechanisms in the material. The dielectric constant
(er) could be calculated using the relation
Ct

B EoA’

where C is the capacitance, ¢ is the thickness and A is
the area of cross-section of the sample. It is observed
that the dielectric constant decreases with increasing fre-
quency and temperature as shown in Fig. 8. The dielec-
tric constant is high at lower frequency region and de-
creases with increasing frequencies. The high value of di-
electric constant at low frequencies is attributed to space
charge polarization. At lower range of frequencies the
dielectric constant decreases sharply with frequency be-
coming constant at larger frequencies [47, 48]. The polar-

Er (18)
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Fig. 8. log frequency vs. dielectric constant of LCB.
ization occurs due to the local displacement of electrons,
which is the effect of the electronic exchange of the num-
ber of ions in the crystal. As the frequency increases, the
electron exchange is unable to follow the electric field
and the polarization becomes less dependent or indepen-
dent of frequency. Variation of dielectric constant with
temperature is generally attributed to the orientational
polarization, crystal expansion, the presence of impuri-
ties and crystal defects. The thermal energy disrupts the
ion dipole interaction which is responsible for the polar-
ization at higher temperatures, causing the relaxation of
polarization.

The dielectric loss is also studied as a function of fre-
quency for different temperatures and is shown in Fig. 9.

2.54 —=— 313K

Dielectric loss

T T T

Logf

Fig. 9. log frequency vs. dielectric loss of LCB.

The low dielectric loss at high frequencies for the given
crystal indicates very high purity of the material. This
parameter is of vital importance for non-linear optical
materials in their applications. These curves suggest that
the dielectric loss is strongly dependent on the frequency
of the applied field. The higher values of the dielectric
loss at low frequencies originate from space charge polar-
ization mechanism and the characteristic of low dielectric
loss at high frequencies reveals that the grown crystal
possesses relatively high optical quality with low defect
density. The behaviour of low dielectric loss with high
frequency for the crystal suggests that the crystal pos-
sesses enhanced optical quality with lesser defects and
this parameter plays a vital role for the fabrication of
non-linear optical devices [49, 50].

3.8. Second harmonic generation

The most widely used technique for confirming the
SHG efficiency of NLO materials to identify the mate-
rials with non-centrosymmetric crystal structures is the
Kurtz powder technique [51]. In this technique the pow-
dered sample with an average particle size range 125-
150 pm is filled in a microcapillary tube about 1.5 mm
diameter. Q-switched Nd:YAG laser emitting a funda-
mental wavelength of 1064 nm is used. The input laser
energy incident on the sample is 2.5 mJ /pulse and a pulse
width of 10 ns with a repetition rate of 10 Hz is made
to fall normally on the sample. The standard NLO in-
organic potassium dihydrogen phosphate (KDP) is used
as the reference material. The emission of green light
(A = 532 nm) from the LCB crystals confirms their non-
centrosymmetric crystal structure. The second harmonic
radiation generated by the randomly oriented microcrys-
tals is focused by a lens and detected by a photomultiplier
tube. The generation of the second harmonic is confirmed
by a strong bright green emission emerging from the pow-
dered sample. The relative conversion efficiency is calcu-
lated from the output power of the LCB crystals with ref-
erence to KDP crystal. It was observed from the results
that the second harmonic signal was about 12.5 mV. But
the standard KDP crystals gave an SHG of 10 mV /pulse
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from the same input energy. Hence, it could be seen that
the SHG efficiency of the LCB crystal was 1.25 times that
of the pure KDP crystal. The generation of second har-
monics was confirmed by the green colour of the output
radiation.

4. Conclusion

Bulk sized L-cysteine hydrochloride monohydrate
(LCB) single crystals were grown by slow evaporation
technique. Single crystal XRD and powder XRD con-
firmed the lattice parameters. UV-visible studies and
FTIR studies revealed the transmission range and the
functional groups for the given material. The band gap
value was found to be 4.80 eV. The optical constants
such as the refractive index, the extinction coefficient and
the electrical susceptibility were calculated to analyse the
optical property. The Vickers hardness study confirmed
that the material belonged to soft category. The TGA
and DTA analysis showed that the crystal could be ther-
mally stable up to 108.7°C. The dielectric constant and
the dielectric loss measurements were made at different
temperatures and frequencies. The NLO study confirmed
the SHG property of the material and it was found to be
1.25 times more than that of KDP. This material exhib-
ited NLO behaviour remarkably due to its better optical
and dielectric properties.
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