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The semiorganic nonlinear optical crystal of amino-carboxyl acid family, L-cystine hydrochloride (LCHCl)

was successfully grown from its aqueous solution by the slow evaporation solution growth method. The solubility,
metastable zone width and induction period were determined for the first time experimentally and there by the
possibility of growing bulk crystals of LCHCl using deionized water as solvent. The induction period was recorded
for the different supersaturation ratios (S = 1.2, 1.3, 1.4, and 1.5), which reveals that the induction period of LCHCl
decreases with increase in supersaturation. The nucleation kinetic parameters such as critical free energy, change
of volume free energy, critical radius, number of molecules in the critical nucleus and nucleation rate have been
evaluated for LCHCl crystals. The interfacial energy values of LCHCl were determined for different supersaturation
ratio by means of varying temperatures. The single crystal X-ray diffraction gives the lattice parameters value of
the grown crystals. The second harmonic generation efficiency was confirmed by the Kurtz–Perry powder method.
The laser damage threshold energy of the grown crystal indicates that grown crystal has excellent resistance to
laser radiation also compared with known other nonlinear optical crystals.
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1. Introduction

In the recent years, second order nonlinear optical
(NLO) materials were found capable of competent fre-
quency conversion to blue-violet and ultraviolet wave-
lengths by means of laser diodes. These materials
are found in various applications particularly in pho-
tonics technology, optical data storage, and laser spec-
troscopy [1, 2]. Also having high second order optical
nonlinearities, wide transparency window with low range
cutoff wavelength, with chemical, mechanical and ther-
mal stability are totally necessary, apart from the other
requirements, in order to be conscious of these applica-
tions [3].

L-cystine hydrochloride (LCHCl) is a recently discov-
ered second order nonlinear optical material. The second
harmonic generation efficiency of LCHCl crystal was 1.2
times that of potassium hydrogen phosphate (KDP) [4].
The crystal structure of L-cystine hydrochloride has been
reported previously [5–7]. It belongs to the monoclinic
crystallographic system, space group C2, with cell pa-
rameters: a = 18.63, b = 5.26, c = 7.28 Å, β = 103.7,
Z = 2. Although, the growth aspects of LCHCl crystal
have been reported in our laboratory [4] and few reports
are presented on LCHCl based NLO crystals [8–11]. In
order to grow crystals with optical qualities for nonlin-
ear and device applications, a systematic investigation of
optimized growth conditions has been carried out. The
fundamental nucleation parameters are requisite for the
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growth of crystals by the solution growth technique. The
homogeneous nucleation theory [12–17] is used to calcu-
late the nucleation parameters from aqueous solutions.
In the literature, there is no report of nucleation kinet-
ics and laser damage threshold analysis of this LCHCl
crystal. Due to this, we are very much concerned a sys-
tematic investigation of optimized growth conditions of
the crystals.

In the present investigations, attempts have been
made to examine the nucleation parameters of LCHCl,
which are the prerequisite for investigating the growth
mechanism of bulk size single crystals. The solubility,
metastable zone width and interfacial surface tension
of LCHCl have been effectively determined for the first
time. The induction period was also measured for var-
ious supersaturation ratios by a constant temperature.
The X-ray diffraction (XRD) and laser damage thresh-
old studies are also studied.

2. Experimental studies
2.1. Solubility studies of LCHCl

The salt of LCHCl was synthesized by using AR grade
chemicals as per the stoichiometric ratio. The growth
rate of a crystal depends on its solubility and its corre-
sponding temperature. The solubility of LCHCl was car-
ried out in a solvent of deionized water at five different
temperatures (35, 40, 45, 50 and 55 ◦C). The solubility
studies were examined by dissolving the synthesized salt
of LCHCl in 100 ml of mixture solvent at a constant tem-
perature with constant stirring. Later than attaining the
saturation, the equilibrium concentration of the solute
has been analyzed through gravimetrically. The similar
process was repeated at different temperatures. Figure 1
shows the solubility graph of LCHCl crystal. From Fig. 1,
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it is observed that the solubility significantly increases
with increase of the temperature, which gives the high
positive solubility and temperature gradient suggesting
that these crystals are suitable for the growth of slow
cooling as well as the slow evaporation method.

Fig. 1. Solubility curve of LCHCl crystal.

2.2. Metastable and induction period measurements

From the crystal growth point of view, the stability
of the solution is associated with the metastable zone
width also the higher zone width suggests that the sta-
bility of the solution will be greater [18]. Metastable
zone width or Ostwald–Meirs region is defined as the
degree of supercooling (∆Tc) needed for one nucleus to
be formed per unit volume in one second or the criti-
cal supercooling ∆Tc required to grow one nucleus per
unit volume is called metastable zone width. To deter-
mine metastable zone width, the saturated solution of
L-cystine hydrochloride has been prepared from the sol-
ubility studies. The study was carried out at a constant
temperature bath with an accuracy of ±0.01 ◦C provided
with a cryostat for cooling below the room temperature.
A constant volume of 100 ml of the solution was used
in all the measurements. The solution was prepared
5 ◦C above the saturation temperature for homogeniza-
tion and left out at the superheated temperature for 1 h
before cooling it [19, 20]. The solution was continuously
stirred using an immersible stirrer to make the homo-
geneous concentration and temperature throughout the
entire volume of the solution.

The metastable zone width of LCHCl was measured us-
ing the conventional polythermal method [21, 22]. In this
method, the equilibrium-saturated solution was cooled
from the overheated temperature until the first visible
crystal was identified. Since the time taken for the de-
velopment of the first visible crystal after the achieve-
ment of this, may be taken as the critical nucleus. The
metastable zone width of LCHCl as a function of tem-
perature is shown in Fig. 2.

Induction period τ of crystallization is generally de-
fined as the time taken from the attainment of supersat-

Fig. 2. Metastable zone width of LCHCl as a function
of temperature.

Fig. 3. Induction period versus supersaturation ratio
of LCHCl.

uration and the detection of critical nucleus [23]. There-
fore, measurement of induction time requires determi-
nation of two points in time, which is the time interval
between the achievement of supersaturation and the ap-
pearance of a crystal in noticeable size. The induction
period versus supersaturation ratio of LCHCl is shown
in Fig. 3.

2.3. Nucleation kinetics of LCHCl crystal

The crystallization stimulates because the creation of
driving force due to the change in the Gibbs free en-
ergy (∆G) between the crystalline phase with surround-
ing mother liquor. For rapid crystallization, ∆G < 0, the
energy required to form LCHCl nucleus is given by

∆G =
4

3
πr3∆Gv + 4πr2σ, (1)

where ∆Gv is the energy per unit volume, σ is the inter-
facial energy and r is the radius of the nucleus. In the
above equation the first term gives the formation of the
new surface and the second term expresses the difference
in the chemical potential between the crystalline phase
and the surrounding mother liquor. At critical state, the
free energy formation obeys the condition d(∆G)

dr = 0.
As per the regular solution theory, Bennema and
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Sohnel [24] have derived the expression for the linear de-
pendence of in solubility

σ =
kT

d2
(0.173 − 0.248 ln(xm)) , (2)

where xm is the mole fraction of the solute, T is the tem-
perature in K, d is the interionic distance and k is the
Boltzmann constant 1.38 × 10−23 J/K.

The LCHCl crystal interfacial energy value has been
found at various temperatures from the solubility data.
The calculated range of interfacial energy is 1.1165 to
1.9958 mJ/m2.

The radius of the critical nucleus is derived from

r∗ = −
[

2σ

∆Gv

]
. (3)

The driving force for the nucleation from the supersatu-
rated solution is

∆Gv = −
(
kT

V

)
lnS; S = C/C∗. (4)

The critical energy barrier associated with the critical
nucleation is related through

∆G∗ =
4

3
πr2. (5)

The number of molecules in the critical nucleus is ex-
pressed as

i∗ =
4πr∗3

3V
. (6)

The nucleation rate J has been calculated using the equa-
tion

J = A exp

(
−∆G∗

kT

)
, (7)

where A is the pre-exponential factor (≈ 1030 for solu-
tion).

Based on the above formalism, the critical radius (r∗),
critical free energy (∆G∗), volume free energy (∆Gv),
number of molecules in the critical nucleus (i∗) and nu-
cleation rate (J) have been calculated at various super-
saturation values and are given in Table I.

TABLE I

Nucleation parameters of LCHCl.

S
∆Gv

[ Mg
cm3 ]

r∗

[10−10 m]
∆G∗

[10−20 mJ
m3 ]

i∗
J

[ n
s vol

]
1.2
1.3
1.4
1.5

–3.6890
–4.7310
–5.7010
–6.6085

6.0535
5.1338
4.5798
4.2088

17.1304
13.3675
11.4644
10.3139

30.7203
18.7398
13.3042
10.3258

6.6829 × 1021

7.3015 × 1021

5.635 × 1024

9.3453 × 1030

The nucleation kinetics is calculated and presented in
this study give a deep approach to the nucleation pro-
cess of low temperature solution growth of L-cystine hy-
drochloride crystal. Investigations carried out using ho-
mogeneous nucleation theory provide a clear picture on
the permanence of the solution to the aquo solvent. In-
terfacial energy of a solution is directly related to the sol-
ubility and it is also inversely proportional to the growth
rate of the crystal. Therefore, it is concluded that the

interfacial energy plays a major role in the nucleation
process.

The induction period with respect to supersaturation
ratio is shown in Fig. 3. From the figure, it is under-
standing that the induction period decreases from higher
supersaturation ratios. It gives the number of critical
nuclei formation will increase, to lead the spurious nucle-
ation. The study of induction period against supersatu-
ration ratio gives an idea of optimized induction period
in order to have controlled nucleation rate to grow good
optical quality single crystals.

2.4. Crystal growth
From the solubility data, the calculated amounts of

L-cystine and hydrochloric acid were systematically dis-
solved in double distilled water and simultaneous heating
at room temperature. The vigorous stirring was contin-
uous for 4–5 h to get a saturated solution. The prepared
saturated solution was purified by filtering through the
fine pores using Whatman filter paper. The purity of syn-
thesized materials of LCHCl was increased using the re-
crystallization method. The homogeneous prepared satu-
rated solution was filtered and transferred to new cleaned
crystal growth vessel and closed with perforated sheets to
evaporate slowly. Using the slow evaporation technique,
well developed optical quality single crystal of LCHCl
was obtained within 30 days, as grown crystal shown in
Fig. 4.

Fig. 4. Transparent LCHCl crystal grown under opti-
mized nucleation parameters.

3. Single crystal XRD
The lattice parameters and the crystal systems have

been determined using single crystal X-ray diffraction
analysis. The single crystal X-ray diffraction analysis for
the grown LCHCl crystals has been carried out using an
ENRAF NONIUS CAD 4 automatic X-ray diffractome-
ter. Single crystal XRD data confirms that the crystal be-
longs to monoclinic crystal system. The calculated lattice
parameters are: a = 18.656, b = 5.385, c = 7.612 Åand
β = 103.40 which agree well with the previously reported
values [5–7]. Also it is reported [5–7] that the space group
C2 is recognized as a non-centrosymmetric and thus, sat-
isfying one of the basic and essential material require-
ments for the second harmonic generation activity of the
crystal.
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4. NLO
The powder second harmonic generation (SHG) effi-

ciency of LCHCl crystal was examined using the Kurtz
and Perry [25] powder technique. The schematic diagram
of Kurtz and Perry powder SHG measurement is shown
in Fig. 5. The powdered sample of LCHCl is illuminated
by the fundamental beam of Nd:YAG laser (1064 nm).
The input pulse width was 8 ns and 0.6 J/pulse energy
was used with a repetition rate of 10 Hz. The second
harmonic signal generated was confirmed from the green
light emission of wavelength 532 nm from the powdered
LCHCl sample. Using the monochromator the 532 nm
radiation was collected after separating from the 1064 nm
input beam with IR filter. The SHG output (532 nm) is
finally detected by a photomultiplier tube which was con-
verted into voltage output displayed on the oscilloscope.
Similarly, the potassium dihydrogen phosphate (KDP)
was also powdered nearly the same particle size of the
experimental sample to use as a reference material in the
present measurement. The output power of LCHCl was
measured to be 15 mV. For the same input (Nd:YAG laser
— 1064 nm, pulse width 8 ns and 0.6 J/pulse energy),
KDP emitted the green light with the output power of
12 mV. The SHG efficiency was found to be 1.2 times
that of KDP.

Fig. 5. Experimental setup for SHG measurement.

The main contribution to the quadratic NLO response
from KDP crystal is made by the group of PO4 and the
presence of hydrogen bonds. Also it has been shown
that the NLO behaviour of KDP can be controlled due
to increase in the number of hydrogen bonds between
the crystal and their optimization of its spatial arrange-
ment [26–29]. The delocalized electronic systems of aro-
matic organic and semiorganic molecules can result in
much higher second-order nonlinear optical efficiencies
than those of inorganic materials. Also which possess
high polarizability and it contains the groups which can

effectively form hydrogen bonds with the growing crystal
face [30–32]. The SHG efficiency of LCHCl crystal de-
pends upon the contribution to nonlinear polarizability of
L-cystine molecules due to interamolecular charge trans-
fer, the mobility of charge carriers through pi-bonding
network and though presence of hydrogen bonds between
L-cystine and hydrochloric acid. Also it has no extensive
systems of pi-bonds, they possess intermolecular charge
transfer of donor and acceptor groups. In view of this,
it is clear that the LCHCl crystal has leads to improve
(due to altering molecular arrangement) the SHG effi-
ciency compared with KDP.

The comparative analysis of the SHG efficiency of
other NLO crystals as L-valine hydrochloride has 1.7
times that of KDP (Nd:YAG laser 1064 nm, pulse en-
ergy 4 mJ/pulse and pulse width of 10 ns and repetition
rate of 10 Hz were used) [33]. L-histidine hydrochloride
monohydrate has 3 times higher than that of KDP (input
pulsed laser beam of Nd:YAG laser with a pulse width of
8 ns) [34]. L-ornithine monohydrochloride powder SHG
efficiency has 1.25 times that of KDP using Nd:YAG laser
(1064 nm) with a pulse width of 8 ns and pulse of energy
4 mJ [35]. Also the inorganic crystal SHG efficiency is
compared as Cd0.70Mg0.30Se are about ten times larger
than Zn0.67Mg0.33Se crystal using Nd:YAG laser (Quan-
tel 60 Model YG472) working at 532 nm with 30 ps pulses
duration and 1 Hz repetition rate [36].

5. LDT

Surface laser damage threshold (LDT) studies on NLO
crystals are much important as the surface damage to
these crystals by high power laser limits its performance
in NLO applications. In the present study, the LDT value
of LCHCl has been calculated by using a Q-switched
pulsed Nd:YAG (1064 nm, 420 mJ, 10 Hz) laser as a
source. Using the variable attenuator the energy of the
laser beam was controlled and focused on the focal length
of 30 cm. It was focused on the mounted crystal at the fo-
cal point of the lens. For this measurement, the diameter
of the laser beam 1 mm at focal length allowed to irradi-
ate the polished surface of the LCHCl crystal. The input
energy density of the laser beam was measured at which
the crystal gets damaged with a clear visible spot on the
surface and audible sound using a power meter. The sur-
face damage threshold of LCHCl crystal was calculated
using the expression: power density = E/A [GW/cm2]
where E is the input energy [mJ] and A is the area of
the circular spot size [mm]. The measured surface laser
damage threshold of LCHCl is 0.32 GW/cm2. The laser
damage threshold value of LCHCl crystal was compared
with some well-known NLO crystals and is given in Ta-
ble II [37].

6. Conclusions

The single crystals of L-cystine hydrochloride were
grown by slow evaporation method. The present investi-
gations, the solubility, metastable zone width and induc-
tion period were calculated experimentally for the crys-
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TABLE II

Comparison of laser damage threshold value of LCHCl
crystal with some well-known NLO crystals.

Crystal LDT value [GW
cm2 ] Pulse width [ns]

KDP 5.00 1
LiNbO3 0.30 10
KNbO3 1.00 10
LCHCl

(this work)
0.32 10

tallization of LCHCl crystal. It was found that the induc-
tion period decreases from the increase in solution super-
saturations. Also the nucleation kinetics and fundamen-
tal growth parameters such as critical radius, critical free
energy, volume free energy change, number of molecules
in the critical nucleus and nucleation rate are estimated.
The experimental results show that the critical radius of
nucleus and the critical energy barrier will decrease with
increase of supersaturation. Based on these nucleation
kinetics data, transparent bulk single crystal of LCHCl
was successfully grown. The single crystal XRD revealed
the respective cell parameters. The powder SHG test was
confirmed using the Kurtz–Perry method, the observed
SHG efficiency is 1.2 times than that of KDP. The laser
damage threshold value of LCHCl crystal was found to
be 0.32 GW/cm2 and this value was compared with some
well-known NLO crystals.
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