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Good quality bulk size single crystals of inverse soluble lithium sulphate monohydrate (LSMH) have been
grown by the modified Sankaranarayanan-Ramasamy (SR) method. A growth rate as high as 3 mm per day
has been obtained for LSMH growth without substantially degrading the optical quality. The rocking curve
recorded using the high resolution X-ray diffraction (HRXRD) technique reveals that the crystals grown by
this method have a high degree of crystalline perfection. The optical quality of the crystals was studied
using an UV-vis-NIR spectrum and the optical constants of the LSMH crystals were calculated. The laser
damage threshold value of the grown crystals has been determined using a nanosecond Nd:YAG laser op-
erating at 532 nm. Photoconductivity studies of the grown LSMH crystals reveal a positive photoconductiv-
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refractive index (n,), non-linear absorption coefficient () and third order non-linear susceptibility (x*¥) of
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1. Introduction

The pursuit for efficient non-linear optical materials is
intensely devoted to in various fields of optoelectronic and
photonic device applications such as frequency conversion,
ultra-compact lasers, optical switching, optical modulators,
optical communication, optical limiting and optical data pro-
cessing. In this context, an extensive search is being carried
out into non-linear optical (NLO) materials with a high non-
linear response, wide transparency range, better laser damage
resistance, high mechanical stability and ease in fabrication
as compared to other inorganic counterparts.' Lithium sul-
phate monohydrate (Li,SO,-H,0) (LSMH) is one such good
non-linear optical material and also has piezoelectric and py-
roelectric properties.””” LSMH comes under the monoclinic
non-ferroelectric polar point group 2 (C,). The lattice parame-
ters of LSMH are a = 5.449 A, b = 4.832 A and ¢ = 8.137 A.%°
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The piezoelectric and elastic coefficients of LSMH and the
temperature coefficients have been reported.”'® The materials
with a compound of LSMH such as lithium sulfate mono-
hydrate oxalate, glycine lithium sulfate, EDTA and Cu(u)-
added LSMH show a higher NLO activity."*™* LSMH has also
proven to be an interesting host for luminescence and
thermo-luminescence for dosimetry applications.'>'® Bohaty
et al.’” demonstrated LSMH as a promising non-linear me-
dium for up and down Raman laser frequency converters. De-
spite these properties, the grown LSMH crystals had some de-
fects and the transparency was poor.>® The inclusions play a
crucial role in the quality of the crystals. Inverse (negative)
solubility, pyroelectric behaviour and higher density (2.06 g
cm?) of the saturated LSMH solution make the crystal growth
more difficult than that of other materials during its growth
processes. The inverse solubility behaviour and nucleation
curve of LSMH single crystals have been reported by us
recently.'®

The growth of bulk size crystals with orientation control is
of importance for crystal growers. It is required to grow crys-
tals with exceptional quality by optimization of the crystal
growth method and materials conveniently. In the crystal
growth literature, different solution growth methods
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including the solvent evaporation method,'**® low tempera-
ture hydrothermal method>" and uniaxial solution crystalliza-
tion Sankaranarayanan-Ramasamy (SR) method®* have been
applied to grow bulk size hydrous crystals. The SR method is
a suitable method to grow healthy, defect-free, high transpar-
ency bulk crystals from solution in a chosen orientation.>**
In the SR method the free convection flows are driven within
the solution (inside of the ampoule) itself by keeping a differ-
ent temperature at the top and bottom portion of the solu-
tion growth systems. Although Boopathi et al.®> grew LSMH
crystals by this method, the growth rate and crystal size are
much less due to the spurious nucleation at the top region of
the solution. By considering these facts, we recently demon-
strated significant modifications in the SR method to grow
bulk size LSMH single crystals with a higher growth rate.>® In
this paper, we report the schematic representation of the
modified SR method to grow bulk size inverse soluble LSMH
single crystals in addition to their specific features of the in-
strumental process. The crystalline perfection of the grown
LSMH crystals was studied by recording the rocking curve
widths using high resolution X-ray diffraction (HRXRD). A
systematic investigation on UV-vis-NIR transmittance, the la-
ser damage threshold (LDT) and the photoluminescence
properties of LSMH single crystals has been carried out to
evaluate the optical behaviour of the LSMH single crystals.
To our knowledge, the photoconductivity behaviour and the
third order optical non-linearity and optical limiting proper-
ties of the LSMH single crystals have not been reported. In
this context, this work also investigates the photoconductivity
behaviour and third order non-linear optical properties of the
grown LSMH single crystals.

2. Experimental section

Materials and methods

The inverse solubility and metastable zone width of LSMH
have been discussed in our recent paper.'® It is found that
the concentration of solute in the aqueous solution decreases
with increasing temperature because of the inverted solubil-
ity behaviour of LSMH. The solubility of LSMH was found to
be 32.81 g per 100 ml at 40 °C. The modified SR method was
employed to grow <010> directed bulk size LSMH single
crystals. In order to avoid the problems due to the negative
solubility behaviour and higher density of the solution lead-
ing to spurious nucleation during growth, we introduced the
inverted temperature gradient and cone-type ampoule.
Hence, the top and bottom portions of the setup have been
kept in a lower and higher temperature environment, respec-
tively. In addition, the lower temperature at the top of the
ampoule is maintained to be above room temperature to
avoid the spurious nucleation at the surface of the solution.
As this free convective flow leads to initiation of the crystalli-
zation from the mounted seed, the single crystals start to
grow. This convective flow of the solution leads to the inclu-
sion being stopped during crystal growth. An uncomplicated
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growth apparatus of the modified SR method made up of a
glass container of size 30 x 30 x 30 cm® and an ampoule of
inner diameter 20 mm using two controllable ring heaters is
shown in Fig. 1.

Initially, the crystals of LSMH were grown by the conven-
tional solvent evaporation method (slow evaporation solution
growth technique). The commercially available lithium sul-
fate monohydrate purchased from SRL chemicals (>99% pu-
rity) was used for growth after repeated recrystallization. A
saturated solution at 40 °C of the compound was prepared
using water as the solvent and the temperature of the solu-
tion was increased while stirring the solution in order to have
high homogeneity. The solution was filtered to remove any
impurities present and the beaker containing the saturated
solution was covered with perforated polythene paper. Con-
secutively, to maintain a constant 40 °C temperature of the
solution, it was carefully kept undisturbed in the constant
temperature water bath. In the span of 25 days LSMH single
crystals of a maximum dimension of 15 x 10 x 4 mm® have
been grown. The crystals grown by the conventional solvent
evaporation method are shown in Fig. 2(a). Among the grown
crystals, some have inclusions and are visually of low optical
quality. However, we have chosen the visually best crystals for
further studies. Based on the quality of the crystals grown by
the conventional solvent evaporation method, a suitable seed
crystal having a size 4 x 4 x 3 mm”® with <010> (y-direction)
was selected for unidirectional crystal growth. To enforce
growth along the <010> direction the chosen <010> di-
rected crystal was mounted in the bottom of the ampoule
without polishing the surface. Now, the ampoule was kept in
the glass water bath to maintain a constant ambient tempera-
ture. A filtered supersaturated solution is carefully poured
into the growth ampoule without disturbing the position of
the seed crystal. As discussed above, the growth was initiated
with a suitable temperature provided by the ring heater at
the top region of the saturated solution. The temperature
around the top and bottom of the ampoule is maintained at
38 °C and 40 °C respectively. Under this optimized condition
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Fig. 1 Schematic diagram of the modified SR method experimental
setup to grow inverted solubility LSMH single crystals.
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Fig. 2 (a) Conventional method grown crystals. (b) <010> directed crystal grown by the SR method with the ampoule. (c and d) Detached SR

grown crystals. (e) Cut and polished LSMH ingots (cut from crystal (d)).

highly transparent crystal growth was seen after a week. After
30 days of the growth period, a good quality crystal was
harvested with a maximum size of 20 mm in diameter and 80
mm in length. The average growth rate along the <010> di-
rection was 3 mm per day which is very high as compared to
that of LSMH crystals obtained from the conventional SR
method.” Finally, the ampoule was detached from the growth
system and the grown crystal is carefully removed from the
ampoule using a diamond glass cutter. Fig. 2(b) shows the
grown <010> directed LSMH crystal with the ampoule by the
SR method. The authors grew three crystals by this method.
Two of them are shown in Fig. 2(c) and (d). The cut and
polished ingots (Fig. 2(e)) are sliced from the crystal Fig. 2(d).
The same has been used for all the characterizations in the
present work.

3. Characterization techniques

The degree of crystalline perfection of the LSMH crystals was
assessed using a PANalytical X'pert PRO MRD high resolution
XRD system. The well collimated and monochromatic CuKo,
(1 = 1.54056 A) beam obtained from the four bounce mono-
chromator Ge (220) crystals has been used as the exploring
X-ray beam. The rocking curves of the crystals for the (011)
diffraction planes were recorded in symmetrical Bragg geom-
etry using natural facets by performing an omega scan. The
diffracted intensity from the specimen was detected using a
scintillation detector. The optical transmittance of the grown
LSMH crystals was recorded from UV to NIR in the wave-
length range of 200-1100 nm using a Perkin Elmer UV-vis-
NIR spectrophotometer at room temperature. The thickness
of the samples (both conventional and SR grown crystals)
used for measurement was 2 mm. A Q-switched Nd:YAG laser
of pulse width 7 ns and 10 Hz repetition rate was used for la-
ser damage studies (LDT). <010> directed grown LSMH sam-
ples identical in thickness and surface finish (polishing) were
kept 1 cm above the focus point of the laser for the measure-
ments. The energy of the 532 nm laser radiation was
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attenuated using appropriate neutral density filters and was
measured using an energy power meter. The nanosecond la-
ser was focused by a convex lens of 100 mm focal length. The
photoconductivity of the crystal was studied using a Hind
high vacuum cryostat facility instrument at room tempera-
ture. Electrical contacts were made at a spacing of about 0.3
cm on the polished crystal samples using silver paste. The
DC input was increased from 1 to 50 volts in steps and the
corresponding dark currents and photocurrents were noted
from the electrometer. The I-V curve was first measured in
the dark, then under illumination. Photoconductivity mea-
surements were carried out on a polished portion of the
grown single crystal by fixing it onto a glass slide in a vac-
uum chamber. The electrical contacts of the sample were
made by copper clips fixed onto the crystal at 0.3 cm spacing
using silver paint and the sample was connected in series
with a DC power supply and KEITHLEY 485 picoammeter of
the instrument. The sample was illuminated with a full spec-
trum of the xenon lamp (50 W) and the corresponding photo-
current was recorded for the applied voltage. In order to
know the luminescent behavior of LSMH, the PL spectrum
was recorded using a Shimadzu spectrofluorometer (RF-
5301PC, Japan) at room temperature with a 150 W high pres-
sure xenon lamp as the excitation source which encloses a
photomultiplier tube at the detector side. The emission spec-
tra were recorded using a spectral slit width of 3 nm. Z-scan
measurements were carried out for the conventional and SR
grown LSMH crystals using a continuous wave He-Ne laser (5
mW) of 632.8 nm with a peak intensity of 25.5 MW m . The
single beam of the laser source is allowed to pass through a
Gaussian filter to have a Gaussian beam. This beam is fo-
cused using a lens of focal length 30 mm into the sample
and the beam waist was estimated to be 3.3 mm at the focus.
The measurements are carried out on the <010> direction
samples having a thickness of 0.52 mm. The sample was
moved along the travelling Z-direction at the focal point and
the transmittance was recorded at a finite aperture in the far
field as a function of the sample position.

This journal is © The Royal Society of Chemistry 2016
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4. Results and discussion
4.1. HRXRD studies

Crystalline perfection of the grown crystals plays an impor-
tant role in their device performance which depends on the
growth techniques/conditions. In order to check the crystal-
line quality of the LSMH single crystals grown by this
method, a high resolution X-ray diffraction (HRXRD) study
was employed. A HRXRD diffraction spectrum taken from the
(011) diffracting planes of the LSMH samples is shown in
Fig. 3. The measured FWHM value of the diffraction curve of
LSMH is 9.8 arc s, which is very close to that expected from
the plane wave theory of dynamical X-ray diffraction.”® This
low FWHM of the rocking curve (RC) testifies that there are
no structural distortions and low/very low angle grain bound-
aries in the crystal. The curve is quite sharp with a good sym-
metry with respect to the exact Bragg peak position (taken as
zero for the sake of convenience). This confirms that the
grown crystal has much fewer vacancies and interstitial de-
fects in its atomic substitutional positions.”” Although the
X-ray diffraction of the different diffracting planes of a crystal
have a different RC and FWHM, the observed FWHM of 8 arc
s of the diffraction plane of (100) for the crystal grown by the
conventional SR method® is comparable with the quality of
the present study where the FWHM is 9.8 arc s of the (011)
diffracting plane for the crystal grown by the modified SR
method. It is also interesting to note that this much crystal-
line perfection of LSMH is observed, even though the crystals
are grown with a higher growth rate by the modified SR
method. This could be possibly because the crystals grown by
this method allowed homogenous solution flow rates during
growth which leads to inclusion-free crystals and a perfect
molecular arrangement in the lattice.

4.2. Optical transmittance

Fig. 4 shows the recorded optical transmittance spectra of
the conventional solvent evaporation and modified SR
method grown crystals in which the characteristic absorption
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Fig. 3 HRXRD spectrum of the grown LSMH crystal.
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Fig. 4 Transmittance spectra of the conventional and SR method
grown LSMH crystals and the corresponding Tauc plot.

band of the LSMH crystals occurs below 200 nm. From the
spectra, it is observed that the SR grown crystals have higher
transparency than the conventional grown crystals. The
~80% transmittance in the visible and NIR region of the SR
grown crystals reveals good optical quality of the grown crys-
tals. An increase in transmittance throughout the visible and
NIR region represents the good optical homogeneity of the
material which is due to excellent crystalline perfection of the
grown LSMH single crystals as seen in the HRXRD studies.
This high optical transmittance spectrum of the crystals is a
primary requirement for many optical applications. The re-
fractive index and bandgap of the material were calculated
from the transmittance spectra.”**° The measured transmit-
tance T was used to calculate the absorption coefficient o
using the formula:

2.303log(%j W

t

o=

where T is the transmittance and ¢ is the thickness of the
sample. A similar absorption coefficient was calculated for
the transmitted spectra recorded from different locations of
the grown crystal.

The reflectance R in terms of the absorption coefficient o
and refractive index n can be derived from the relations:

Re exp(—at)+ \/exp(—at)T —exp(-3ar)T +exp(-2at)T*

(2)
exp(-at )+ exp(—2ar)T

and

_—(Ren)-(2VR) 6

(R-1)

The value of the refractive index at 2.33 eV is found to be
1.72. The optical bandgap estimated from the optical

CrysttngComm, 2016, 18, 2072-2080 | 2075


http://dx.doi.org/10.1039/c6ce00012f

Published on 16 February 2016. Downloaded by Nanyang Technological University on 15/03/2016 09:34:37.

Paper

absorption coefficient o near the absorption edge for the di-
rect transition is given by

(ahv)® = A(Eq — hv) (4)

where A is a constant, E, is the optical bandgap, & is Planck's
constant and v is the frequency of incident photons. The op-
tical bandgap was evaluated by plotting (ahv)® vs. hv as
shown in the inset of Fig. 4 and extrapolating the linear por-
tion of the absorption edge (ahv)® in the photon energy axis
gives the optical bandgap of the crystal. The approximate op-
tical bandgap value of the LSMH single crystal is found to be
4.89 eV.

4.3. Surface laser damage analysis

Investigation of crystal stability against intense nanosecond/
picosecond laser pulses is one of the most important prereq-
uisites for applications in optoelectronic devices. A schematic
representation of the experimental setup used in this study is
shown in Fig. 5. Since tiny scratches or a little contamination
on the surface of the sample can substantially lower the sur-
face damage threshold, the LSMH crystal sample was well
polished using its diluted mother (LSMH) solution and alu-
mina powder to avoid defects, impurities and imperfections
on the surface. The higher transmission behavior and lower
reflectance of the crystal proves that the laser-induced dam-
age on the crystal surface is always on the bottom side of the
crystal. Initially ~15 mJ energy was applied on the conven-
tional grown crystals and no damage was observed up to 30
s. When it is increased to ~20 mJ a small spot (~0.5 mm)
appeared on the surface of the sample. When it was further
increased to ~30 m]J for 10 s, a crack appeared. The same ex-
perimental arrangement was used to measure the LDT of the
crystals grown from the SR technique and it was observed
that the crystals could withstand up to ~25 mJ and no dam-
age was noticed even after 20 s of exposure. When the laser
energy increased to ~29 m]J, a small spot appeared on the
surface of the crystal after 20 s. When the experiment was re-
peated with the energy increased to 47 mJ, the surface of the
crystal cracked just after 10 s. Care was taken to select a fresh
region after each shot to avoid cumulative effects resulting

Mr :%Ms
l
[| ren

e Focus
Nd:YAG Crystal
7V SO AN | svveietons
Translation stage

Fig. 5 Schematic diagram of the experimental setup to measure the
LDT.
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from multiple exposure. Microscopic images of the conven-
tional and SR method grown crystals are shown in
Fig. 6(a) and (b), respectively. The surface damage threshold
of the crystal was calculated using the expression:*'

power density

(5)

where E is the laser energy (m]), r is the radius of the beam
spot (cm) and t is the pulse width of the 532 nm ns laser.
The calculated values of the laser damage threshold after a
single shot and multiple shots are provided in Table 1. It is
known that the material with a higher specific heat is more
resistant to laser damage. Also, laser-induced bulk damage
may occur due to many intrinsic factors arising from the op-
tical behavior of the materials and extrinsic factors such as
material defects, impurities and surface roughness of the ma-
terials.>” The results prove that the LDT value of the crystals
obtained from the SR method is higher than that of the con-
ventionally grown crystals because of the higher crystalline
perfection.

4.4. Photoconductivity measurement

Photoconductivity is an important study for solids, and is es-
pecially apparent for semiconductors and insulators, and so
it is used to investigate the structure and electronic proper-
ties of the material. Photoconduction is a function of temper-
ature, applied field, intensity of light and energy of radiation
of the crystal. When the material is illuminated with photons
of an energy (E) greater than its bandgap energy (Ej),
electron-hole pairs are generated and the conductivity of the
material increases. Fig. 7 shows the measured variations of
photocurrent (I,) and dark current (I3) with applied field for
the samples at room temperature. Both the photo and dark
currents of the LSMH crystal increase linearly with applied
field. It is observed from the plot that at any instant of ap-
plied field the photocurrent is greater than the dark current,
thus suggesting that the conventional and SR grown LSMH

Fig. 6 Microscopic images of the LDT pattern of (a) the conventional
and (b) the SR method grown crystal and the test crystal samples.

This journal is © The Royal Society of Chemistry 2016
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Table 1 Laser damage threshold (LDT) values of the LSMH crystals
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Single shot

Multiple shot (10 Hz)

Sample Energy (m]) LDT value (GW cm™?) Energy (m]) LDT value (GW cm™?)
Conventional 75.5 25.99 20 (20 s) 6.88
SR 130 44.75 29 (20 s) 9.9

exhibits positive photoconductivity. This positive photocon-
ductivity behavior can be attributed to the generation of mo-
bile charge carriers caused by the absorption of photons. The
increase in the number of charge carriers or their lifetime in
the presence of radiation is also responsible for the positive
photoconductivity. The high value of photocurrent of the
crystals grown from the SR method is due to the absence of
vacancies and interstitial defects as evidenced by HRXRD and
the lack of traps and the population of the intrinsic centre
formed by direct excitation of charge carriers in the crystal.
Also, the increase in the transmittance percentage due to
higher optical homogeneity is attributed to the enhancement
in photoconductivity of the SR grown crystals. This positive
photoconductivity and wide bandgap of LSMH can be applied
towards soliton wave communication applications.*?

4.5. Luminescence studies

Photoluminescence spectral analysis is one of the effective
tools to provide relatively direct information about the physi-
cal properties of materials at the molecular level, including
shallow and deep level defects and gap states. In order to
identify the photoluminescence characteristics of LSMH, the
grown crystals were excited at 250 nm. The emission spectra
are recorded at room temperature in the range of 340-400
nm and is shown in Fig. 8. LSMH single crystals show an
emission peak at 373 nm. But the intensity of the peak de-
pends upon the crystallinity. The intensity of the emission
peak (out-coming light) depends on the intrinsic defect con-
centration as well as the transparency of the crystal. The SR
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Fig. 7 Photoconductivity of the conventional and SR method grown
LSMH crystals.

This journal is © The Royal Society of Chemistry 2016

grown crystal has higher transparency which facilitates
higher light emission.

4.6 Z-scan measurements

For the usage of the crystals to be efficient, it is necessary to
have quantitative information about their non-linear optical
properties. The Z-scan measurement using a single Gaussian
beam in tight focus geometry is a standard technique to de-
termine the magnitude and sign of the non-linear change in
the index and the changes in the absorption coefficient of a
material.>*3® The rapid acceptance of this technique is due
to the simplicity in instrumental manipulation and interpre-
tation of the data. The measured normalized transmittance
of the closed aperture and open aperture of the Z-scan stud-
ies is used to calculate various non-linear optical parameters.
The normalized transmittance of the open aperture Z-scan
measurement for the LSMH crystals grown from the conven-
tional and SR method is illustrated in Fig. 9(a). The maximal
transmission at the focus (Z = 0) is indicative of the satura-
tion of absorption at high intensity. From the open aperture
Z-scan spectrum (Fig. 9(a)), the non-linear refractive index of
absorption is calculated by the relation:**

_2\2aT

B
1()chf

(6)

where AT is the one valley value at the open aperture Z-scan

l-exp(—alL) . . .
curve, [ = # is the effective thickness of the
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Fig. 8 Photoluminescence spectra of the conventional and SR
method grown LSMH crystals.
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Fig. 9 (a) Open aperture Z-scan spectra of the conventional and SR
method grown LSMH crystals. (b) Closed aperture Z-scan spectra of
the conventional and SR method grown LSMH crystals.

sample, « is the linear absorption coefficient of the sample, L
is the thickness of the sample (0.52 mm) and I, is the inten-
sity of the laser at the focus (25 MW m>).

The transmittance for the closed aperture Z-scan for the
LSMH crystals grown from the conventional and SR method
is measured as a function of sample position with the aper-
ture placed at the far field and it is shown in Fig. 9(b). The
pre-focal peak to the post-focal valley configuration of the
closed aperture Z-scan spectrum of LSMH clearly shows that
the sign of the non-linear refractive index is negative.*® In or-
der to find the non-linear refractive index of LSMH, the on-
axis phase shift

|AD|
can be calculated from the relation:**>°
AY—;}—V
AD| = —— = )

7 0.406(1—5)°®

=2r2) . . .
where S=1—exp[ “] is the linear transmittance of the

2
a

2078 | CrysttngComm, 2016, 18, 2072-2080

View Article Online

CrysttngComm

aperture radius r, and the beam radius at aperture Q,.
Hence, the third order non-linear refractive index n, was
evaluated using the following relation:

AD

S (8)

off

where k=27n, and 1 is the wavelength of the laser. The

real and imaginary parts of the third order non-linear opti-
cal susceptibility were determined using the values of S

and n, by the relations:**?°
&,C*nin ) cm?
Re 7% (esu =10‘4("—°2 9
A7) W ©
and
2.2
Im;ﬂ”(esu):lo-zw[ﬂj (10
4’ W

where ¢, is the permittivity of a vacuum, C is the velocity
of light in a vacuum, and 7, is the linear refractive index
of the sample. The absolute value of +® was obtained from
the following relation:

L = [(Rey™)> + (tmy )] (11)

The estimated third order non-linear properties of the LSMH
crystals grown from the conventional and SR method are
summarized in Table 2. The value of the non-linear absorp-
tion coefficient (f) of LSMH estimated from the open aper-
ture Z-scan curve is in the order of 10™* m W and the non-
linear refractive index (n,) calculated from the closed aper-
ture Z-scan curve is in the order of 10" m*> W'. In contrast
with the conventionally grown crystals, the SR grown crystals
exhibited larger non-linear transmittance values with the
same input intensity towards the focus leading to the slight
variation in the estimated parameters and indicating an en-
hanced light-matter interaction (non-linearity).*” The slightly
enhanced non-linear refractive index (n,) can be attributed to
the superior quality of the crystals grown with the SR
method. The negative sign of the non-linear refractive index
indicates the self-defocusing nature of the material and this
is attributed to variation of the refractive index with tempera-
ture resulting from absorption of radiation at 632.8 nm.*’
The self-defocusing behavior of LSMH may have an advan-
tage in practical devices, by providing a self-protecting mech-
anism for the limiter in optical systems such as direct view-
ing devices (telescopes, gunsights, etc.) and night vision
devices.*®*’

5. Conclusions

In view of the estimated advantages, the SR method was im-
proved to grow inverse solubility large LSMH single crystals.
The method enhanced the free convective flow within the

This journal is © The Royal Society of Chemistry 2016
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Table 2 Measured Z-scan parameters of LSMH of a He-Ne laser at a wavelength of 632.8 nm

Parameters Conventional SR method
Effective thickness (Leg) (m) 4.6x107" 5.0 x 107"
Aperture linear transmittance (S) 0.52 0.52
Non-linear refractive index (1) (m*> W) 0.9 x 10" -1.3x10"
Non-linear absorption coefficient (8) (m W™) 2.6 x107* 2.5x107"
Real part of the third order non-linear susceptibility (Re °) (e.s.u.) -4.8x 107" -7.2x 107"
Imaginary part of the third order non-linear susceptibility (Imy?) (e.s.u.) 49x107° 4.8x107°
Third order non-linear susceptibility (r°) (e.s.u.) 4.9x107® 4.8x107°

mother solution of LSMH during growth, which markedly in-
creases the crystal growth rate. The crystalline perfection of
the grown crystals by the modified SR method is revealed by
HRXRD studies. The LSMH crystals grown by the modified
SR method had higher transmittance and higher laser stabil-
ity than the crystals grown by the conventional method. The
intense violet luminescence and positive photoconductivity of
the SR grown LSMH crystals were observed. From the Z-scan
measurement, the non-linear refractive index n,, non-linear
absorption coefficient f and third order non-linear suscepti-
bility ® of the LSMH crystals are calculated. In contrast with
the conventionally grown crystals, the SR grown crystals
exhibited larger non-linear transmittance values with the
same input intensity. The negative sign of the non-linear re-
fractive index of LSMH indicates the self-defocusing behavior
of the material, which is an essential property for its applica-
tion in the protection of optical sensors. Hence, the LSMH
crystals grown by this method fulfilled all the requirements,
such as having a good non-linear response and splendid crys-
tal characteristics including higher laser damage stability, su-
perior optical quality and large crystal size with desired facets
and controllable crystal thickness. The present crystallization
process of LSMH by the modified SR method exemplified
here can be used as a model to grow other such inversely sol-
uble materials.
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