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INTRODUCTION

The growth of single crystals and their characterisation
towards device fabrication have gained more interest due to
their significant applications in the fields of semiconductors,
solid state lasers, nonlinear optics, piezoelectric, photosensitive
materials and crystalline thin films for microelectronics and
computer industries. In particular the non linear optics plays a
major role in the emerging areas of laser technology, optical
communication, data storage technology, photonics and opto-
electronics. Hence, nonlinear optical materials are important
for future photonic technologies as well as the growth of prom-
ising new nonlinear optical materials receive great attention
[1].

Many organic and inorganic nonlinear optical materials
have been reported in the literature with good optical, thermal
and mechanical properties. In comparison with these crystals,
the semi organic nonlinear optical crystal possesses the advan-
tage of both organic as well as inorganic materials. They have
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high damage threshold, wide transparency range, excellent non-
linear optical coefficient and superior mechanical properties
[2,3].

Guanidinium based organic and inorganic compounds
play a vital role in the field of nonlinear optical crystal growth.
The guanidinum ion [C(NH,);]* is an important functional
group present in the amino acid and also the basic component
of many biologically active molecule [4]. Different derivatives
of guanidinium ion are used in explosives and rocket repellent
formulations [5]. It is a strong base which reacts with most of
the organic acid resulting in the formation of guanidinium
species. The three-fold symmetry of guanidinium ion with six
equivalent hydrogen atoms provides excellent condition for
hydrogen bonding and this property has made guanidinium
compounds as prospective materials in the field of nonlinear
optical crystal growth and their applications.

The crystal structure, vibrational spectroscopic studies and
ferroelectric properties of some guanidinum metal sulphates
have been reported in the literature [6-8]. Many guanidinuim

This is an open access journal, and articles are distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike
4.0 (CC BY-NC-SA 4.0) International License which allows readers to freely read, download, copy, distribute, print, search, or link to the full
texts of its articles and to use them for any other lawful non-commercial purpose as long as the original source is duly acknowledged.




662 Rajeswari et al.

Asian J. Chem.

based nonlinear optical crystals were grown and reported [9,10].
In this paper, we delineate the growth and characterisation
studies of guanidinium fris cadmium sulphate octahydrate
(GuCdS).

EXPERIMENTAL

Synthesis and crystal growth: Guanidinium cadmium
sulphate ocathydrate compounds were synthesized using AR
grade reagents guanidinium carbonate, conc. sulphuric acid
and cadmium sulphate octahydrate taken in an equimolar
stoichiometric ratio. Distilled water was used as solvent and
the crystallization was carried out at room temperature. The
solution was stirred well using magnetic stirrer for 6 h to ensure
the homogenous concentration and it was filtered using
Whatmann filter paper and kept for slow evaporation of solvent
in a dust free atmosphere. The pH value of solution was found
to be at 1. After a few days, guanidinium #ris cadmium sulphate
octahydrate (GuCdS) compound was found to crystallize at
the bottom of beaker. The following equation represents the
scheme of synthesis.

[C(NH,);],CO;s + H,SO, — [C(NH,);],SO, + H,O + COzT

[C(NH,);].SO, + 3CdS0O,4-8H,0 —
[3Cd{C(NH.)3}2](SO4)>-8H.0

The synthesised compound was purified further by
repeated recrystallization with the same solvent and used for
the growth of the bulk crystal. A saturated aqueous GuCdS
solution was prepared from the recrystallized salt guanidinium
cadmium sulphate and allowed to evaporate in a dust free atmos-
phere. After 13 days transparent, defect free single crystals of
guanidinium cadmium sulphate were harvested (Fig. 1).
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Fig. 1. As grown GuCdS crystal

RESULTS AND DISCUSSION

Powder X-ray diffraction analysis: The powder pattern
of a crystal is very important in determining the crystallinity
and phase purity of the grown crystal. The powder X-ray diff-
raction analysis of the grown crystal was recorded using RICH
SIEFERT powder X-ray diffractometer with CuKo: (A = 1.5406
A) radiation. Grown crystals were ground using agate mortar
and pestle and put through to powder X-ray diffraction analysis.
The sample was scanned in the range 10°-70° in steps of 0.04°.
The powder X-ray diffraction spectrum of the grown crystal is
shown in Fig. 2. The intense and sharp peaks in the diffracto-
gram indicate the good crystalline perfection of the grown
crystals. The 20 values obtained from the powder X-ray analyses
were used for indexing the powder pattern. The indexing of
peaks and the estimation of lattice cell parameters were carried
off using the powder X software. It was found that the grown
crystal GuCdS falls under triclinic crystal system and the space
group was found tobe P 1, which is a centrosymmetric crystal.
The obtained cell parameters of the crystal are a = 6.444 A, b
=6.456 A, c=10.020 A, 0.=90.16°, B =97.035° and y = 110°.
The calculated lattice cell parameter values agreed well with
the reported values and presented in Table-1.
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Fig. 2. Powder X-ray diffraction pattern of GuCdS crystalline sample

FTIR analysis: The FTIR spectrum of powdered sample
was recorded using Perkin Elmer Spectrum-1 in the range 4000
to 450 cm™. The allotment of spectral bands were carried out
in terms of fundamental modes of vibration of guanidinium
ion [C(NH,);]*, sulphate ion (SO,*) and water molecules [7].
The recorded FTIR spectrum of guanidinium cadmium sulphate
is shown in Fig. 3.

TABLE-1
CELL PARAMETERS OF GuCdS
GuCdS a(A) b (A) c(d) o (°) B Y () V (A%
Reported [Ref. 6] 6.441 6.459 10.015 90.18 97.02 110.00 386.3
Present study 6.444 6.456 10.020 90.16 97.03 109.97 388.4
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Fig. 3. FTIR spectrum of GuCdS crystalline sample

Vibrations of guanidinuim ions: The assignment of vibra-
tional modes in guanidinium ion can be done in terms of CN;
and NH, groups. In IR spectrum of GuCdS compound, a sharp
strong band at 1624 cm™ is due to asymmetric stretching vibra-
tions of CNj; group.

Vibrations of sulphate group: The sulphate group in its
free ion state exhibit four fundamental modes of vibration.
The modes are non-degenerate symmetric stretching mode (v,),
doubly degenerate symmetric bending mode (v»), triply degen-
erate asymmetric stretching mode (vs) and the triply degenerate
asymmetric bending mode (v4) with wave numbers 981, 451 ,
1108 and 613 cm™, respectively. Among the four different
modes of vibration only (v;) and (v4) are IR active. The triply
degenerate asymmetric stretching (vs;) mode of sulphate ion
has a strong band at 1117 cm™ and the triply degenerate asym-
metric bending mode (v,) appears at 619 cm™ in the FTIR
spectrum.

Vibrations of water molecule: A water molecule in general
has three fundamental modes of vibration: (v,) at 3652 cm™,
(v2) at 1595 cm™ and (vs3) at 3756 cm™. The IR spectrum of
GuCdS compound contains strong bands at 3451 and 3523
cm’! which are assigned to v, and v; vibrational modes of water
molecule. The vibrational band assignments of FTIR spectrum
of grown crystal was found to be consistant with that of the
values reported in the literature [ 1 1]. The experimental vibrational
frequencies of GuCdS are presented in Table-2.

TABLE-2
VIBRATIONAL BAND ASSIGNMENTS OF GuCdS

Wavenumber (cm™)

Band assignment

619 m v4(SO,)
1117 s v4(SO,)
1624 m V. (CNy)
3451 s vi(H,0)
3523 s Vvi(H,0)

m = medium; s = strong: v,,= asymmetric stretching

UV-vis-NIR analysis: UV-vis-NIR spectral study was
performed for the grown crystal in the range between 200-
1100 nm by Perkin-Elmer UV spectrophotometer. The optical
transmission range and transparency cut off are the most

important optical parameters for laser frequency conversion
applications [12]. For optical device fabrication the crystal
should have good transmission in a wide scale of wavelength.
From the transmission spectrum, it is clear that the as grown
GuCdS crystal is optically transparent in the ultraviolet, entire
visible and near infra red region (Fig. 4). The transparency is
about 80 % in the entire visible and IR regions and the lower
cut off wavelength is found to be at 200 nm.
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Fig. 4. UV-vis-NIR transmission spectrum of GuCdS crystal

This transmission window (200-1100 nm) is suitable for
the generation of second harmonics (A = 532 nm) as well as
third harmonics (A = 354 nm) of Nd: YAG laser of wavelength
1064 nm [13].

Determination of optical constants: The values of optical
constants such as optical band gap, extinction coefficient and
refractive index are important in order to analyze the potential
applications of the grown crystal in the field of optoelectro-
nics. The transmission data was used to determine the optical
constants such as absorption coefficient (o), extinction coeffi-
cient (k) and the refractive index (n) of the grown GuCdS
crystal.

The optical absorption coefficient (o) was determined from
the transmission data using the following expression reported
in the literature [14]:

1
2.3031og| —
Og[TJ (1)
t

In the above equation, T represents the transmittance value
and tis the thickness of the crystal. The optical band gap energy
was calculated from the transmission spectrum using the
following expression [14]:

(cthv)’ = A(E, — hv) 2)

where h is the Planck’s constant, E, is the optical band gap
energy of the crystal, o is the optical absorption coefficients
near the absorption edge and A is a constant. The Tauc's plot
was drawn between photon energy (hv) and (othv)® and from
the plot the band gap of crystal was estimated by the extrapo-
lation of linear portion of the graph to photon energy axis.

o=
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The value is found to be 6.14 eV as shown in Fig. 5. The value 2.0x10™° T T : T — kg 40
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Fig. 5. Tauc’s plot of GuCdS

The optical constants such as extinction coefficient (k)
and the refractive index (n) were computed for GuCdS crystal
using the expressions reported in the literature [15]. The reflec-
tance (R) values of grown crystal was calculated in terms of
optical absorption coefficient (ot) using the following expression
[15]:

1+4/1—e"% el
R= 1+e®0 )

The refractive index (n) of grown crystal was calculated
using the values of reflectance (R) by the following relation:

ne —(R+1++/3R*+10R-3

2(R-1)
The extinction coefficient (k) is the fraction of electromag-
netic energy lost due to scattering and absorption per unit

thickness in a particular medium which can be evaluated by
the following expression:

“)

_OA 5
in (5)
The variation of refractive index (n) and extinction coeffi-
cient (k) values with wavelength are shown in Fig. 6. From
this spectra, it is evident that values of refractive index (n) and
extinction coefficient (k) strongly depend on the wavelength,
particularly in the UV region. It is clear from the graph that
the extinction coefficient increases for the increase in wave-
length. The values of refractive index increase sharply in the UV
region due to the absorption of photon by the crystal and the
values remain almost constant in the visible region and IR region.
The optical conductivity (o) is a measure of the frequency
response of material when irradiated with light and was calculated
using the optical absorption coefficient (o) using the following
relation [16]:

k

_ onc

4m ©)

against photon energy (Fig. 7). The graph represents that
values of optical conductivity increases with increase of photon
energy.
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Fig. 7. Plot of photon energy vs optical conductivity

The optical studies disclosed that the GuCdS crystal posse-
sses good optical characteristics and can be applied for optical
device applications.

Non-linear optical measurements

Second harmonic generation (SHG) measurement: The
second harmonic generation efficiency of the grown GuCdS
crystal was determined using the classical Kurtz and Perry
powder technique [17]. A Q switched Nd: YAG laser (QUANTA
RAY Model LAB-170- 10) beam of wavelength 1064 nm and
a pulse width of 6 ns with a repetition rate of 10 Hz was used.
The second harmonic generation was confirmed by the emi-
ssion of green radiation of wavelength 532 nm. The second
harmonic signal of 8.94 mJ and 22.1 mlJ, respectively, were
observed for KDP and GuCdS samples for an input signal of
0.70 J. Hence, the NLO test confirms that GuCdS has a SHG
efficiency which is equal to 2.4 times that of KDP.

Z-scan study: Z-scan is the simplest and popular techni-
que for the measurement of non linear refractive index and
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nonlinear absorption coefficient of optical materials. It is an
important technique which can be applied for the simultaneous
measurement of magnitude and sign of nonlinear refractive
index (n,) and nonlinear absorption coefficient () of the material.
The open aperture Z scan measurement is used to find the
absolute value of nonlinear absorption coefficient (B) and the
closed aperture Z scan measurement is used to find the nonlinear
refractive index (n,), using these values the real and imaginary
part of nonlinear susceptibility (yz"* and ") can be calculated
[18]. A continuous wave 50 mW diode pumped Nd: YAG laser
of wavelength 632 nm was used in the experiment. The laser
beam of radius 2 mm with the help of a convex lens of focal
length 8.5 cm gives the intensity at the focus 3.13 MW/cm®.
The sample was moved along the optic axis (z direction) through
the focus of the lens. The energy transmitted through an aperture
was recorded as a function of sample position. The normalized
transmission for the open aperture (OA) is shown in Fig. 8a.
The transmission is minimum and symmetric with respect to
the focus (Z =0). This indicates that the sample exhibits reverse
saturation absorption (RSA) with a positive nonlinear absorption
coefficient, hence grown GuCdS crystal could be applied for
optical limiting applications [18]. The normalized transmission
for the closed aperture (CA) is shown in Fig. 8b. The peak to
valley configuration of curve suggests that refractive index
change is negative exhibiting a self-defocusing effect.

The calculated third order nonlinear optical parameters,
such as nonlinear refractive index (n,), nonlinear absorption
coefficient (P), the real and imaginary part of nonlinear
susceptibility (xx® and ;') are listed in Table-3.

Since, grown GuCdS crystal has a negative refractive
index, it results in defocusing nature of the material which is
an important as well as essential property for the application
of material in optical sensors and night vision devices.
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Fig. 8. (a) Open aperture curve of GuCdS

TABLE-3
NONLINEAR OPTICAL PARAMETERS OF GuCdS
n, x 1072 (cm?/w) -5.36
B x 10™* (cm/w) 4.24
1= x 107 (esu) 3.18
%2 x 107 (esu) 1.26

%2 x 10 (esu) 3.50
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Fig. 8. (b) Closed aperture curve of GuCdS

Dielectric study: The dielectric studies of grown crystal
were carried out at different frequencies. The single crystal of
GuCdS with the dimension 9.19 mm x 10.73 mm X 5.05 mm
was used for the dielectric measurement using HIOKI 3532
LCR HITESTER in the frequency range between 100 Hz and
5 MHz. The measurements were carried out in the range between
the room temperature and 105 °C. The crystal having silver
coating on the opposite faces is placed between the two copper
electrodes to form a parallel plate capacitor. The dielectric
constant of crystal material was calculated using the following
relation [19]:

e = CU
e, ©)

where C represents capacitance, A denotes the area of cross
section, €, is the permittivity of free space and t is the thickness
of crystal. The variation of dielectric constant on frequency
was studied at different temperatures is shown in Fig. 9.
From Fig. 9, it is notable that dielectric constant is high at
lower frequency and starts decreasing gradually for higher
frequencies. The dependence of dielectric constant with frequency
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Fig. 9. Plot of dielectric constant with frequency of the applied electric field
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shows almost similar behaviour for all temperatures. The electr-
onic exchange of the number of ions in crystal gives local
displacement of electron in the direction of applied field which
in turn give rise to polarisation. The high value of dielectric
constant in the low frequency region is attributed to contribution
from all four polarizations namely: electronic, ionic, orientation
and space charge polarizations. As the frequency of applied field
increases and a point will be reached where the space charge
cannot sustain and hence the dielectric constant starts to decrease.
Hence, the gradual decline of dielectric constant at higher freq-
uencies is attributed to the loss of significance of polarizations
[20].

The variation of dielectric loss (tan §) with frequency of
the applied field at different temperatures is shown in Fig. 10.
Thus, it is clear that the dielectric loss values are high at lower
frequencies and starts decreasing gradually for higher frequency.
The low value of dielectric loss of grown crystal indicates that
they are of good quality. Hence the gradual decreases of dielectric
constant as well as the dielectric loss at higher frequency suggest
that the crystal possesses enhanced optical quality with lesser
defects which is an important parameter of nonlinear optical
materials in their high speed electro-optic application.
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Fig. 10. Variation of dielectric loss with frequency of the applied electric
field

Laser damage threshold study: The laser damage threshold
study of nonlinear optical crystal is significant due to the fact
that the surface damage threshold of crystal by high power laser
limits its performance in nonlinear optical applications. In the
present study, the laser damage threshold of grown GuCdS
crystal was determined using a Q-switched high energy Nd: YAG
laser of wavelength 1064 nm . The pulse width of 6 ns with a
repetition rate of 10 Hz was used for this study. The laser beam
was focussed on the crystal using a biconvex lens of focal length
15 cm. The surface damage threshold of grown crystal was calcu-
lated using the following relation [21]:

E
— (8)

Tnr
where E is the input energy (mlJ), T represents the pulse width
(ns) and r is the radius of spot (mm). The calculated value of

Power density, P, =

the laser damage threshold is 1.796 GW/cm* whereas for KDP
it is 0.2 GW/cm®. Hence the high value of damage threshold
indicates that the grown GuCdS crystal can be exploited for
high power laser optical applications.

Microhardness analysis: Mechanical strength of material
is an important parameter for device fabrication. In order to
study the mechanical properties microhardness measurements
were carried out on the smooth surface of the single crystal of
GuCdS at room temperature using Futuretech FM 800 type E
series hardness tester with diamond pyramidal indenter. Micro-
hardness analysis was carried out for applied load (P) varying
from 1 g to 300 g. The Vickers microhardness number, H, is
calculated using the following relation [22]:

P
H, = 1.854? kg/mm* )

where P is the applied load in kg and d is the mean diagonal
length of indentation in mm. A graph plotted between hardness
number and the applied load is depicted in Fig. 11. The graph
shows that the hardness values increases with the increase of
load which is known as reverse indentation size effect.
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Fig. 11. Variation of microhardness number with applied load of GuCdS

Vickers hardness values of crystal increases with increase
of load up to 100 g without any development of crack. For an
indentation load of 300 g cracks were developed on the crystal
surface around the indentation. This is due to the release of
internal stress locally initiated by indentation. The maximum
value of hardness number measured was 206.06 kg/mm?” at
the load of 100 g. The Vickers microhardness number, Hv of
GuCdS crystal is compared with that of guanidine derivative
compounds such as guanidinium trifluoroacetate, guanidinium
perchlorate, guanidinium manganese sulphate and the results
are presented in Table-4. The superior hardness value of grown
GuCdS crystal indicates that the greater stress is required to
form dislocations, thus ensuring grater crystalline perfection.

The work hardening coefficient (n) was calculated from
Mayer’s relation (P) = Kd" connecting load P and average diagonal
length d of indentation, K is the material constant. The work
hardening coefficient (n) of grown crystal was determined from
the plot of log P against log d for GuCdS crystal and is shown
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TABLE-4
COMPARISON OF VICKERS HARDNESS VALUE OF GuCdS
WITH OTHER GUANIDINIUM BASED CRYSTALS

Vickers
Compound microhardness Ref.
(kg/mm?®)
Guanidinium manganese sulphate 78.56 at 50 g [23]
Guanidinium trifluoroacetate 59.00 at 60 g [24]
Guanidinium perchlorate 60.50 at40 g [25]

Guanidinium cadmium sulphate 206.06 at 100 g  Present study

in Fig. 12. From the linear fit of plot, the slope of straight line
yields the value of n as 2.26.
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Fig. 12. Variation of diagonal length of indentation with load

According to Onitsch, n should lies between 1 and 1.6 for
hard material and is more than 1.6 for soft material. Hence the
value of n indicates that GuCdS crystal belongs to soft material
category. The yield strength of crystal (6,) and elastic stiffness
constant (C;;) were calculated using the following expressions
[23]:

H -

(0.1 (10)
3

c,=H" (11)
The obtained values of yield strength and stiffness constant
for different loads are listed in Table-5. Elastic stiffness constant
Ci, gives the idea of tightness of bonding between the neigh-
bouring atoms and was found to be in the range of 573-394363
GPa. Yield strength of the crystal was found to be in the range
of 10.68-37.74 MPa. Hence, the hardness study of grown GuCdS

0'y=

TABLE-5
MECHANICAL PROPERTIES OF GuCdS CRYSTAL

Hardness g Elastic stiffness
Load P (g) number H, R constant C,,
(ke/m) o Quites) (GPa)
3 58.37 10.68 573
5 64.13 11.74 1111
10 72.56 17.42 17626
25 108.69 19.90 44654
50 114.87 21.03 65895
100 206.06 37.74 394363

crystal revealed that it has sufficient mechanical strength for
non-linear optical device fabrication.

Thermal studies: Thermal stability of GuCdS was exam-
ined by thermogravimetric (TG) and differential thermogravi-
metric analyses (DTG) in order to study the phase transition,
melting point and various stages of decomposition. Using TG-
DTG curve, the decomposition temperature and the percentage
mass loss at each stage can be easily determined. The GuCdS
sample initially weighing 13.035 mg was heated in an alumina
crucible in nitrogen atmosphere at the flow rate of 20 mL/ min.
The crystalline sample was heated in the temperature range
between 25 and 1400 °C and the thermogram is shown in Fig.
13. A careful examination of TG curve elucidates the occu-
rrence of four stage weight loss pattern and it is also evident
that GuCdS compound is stable upto 105 °C. The first stage
weight loss occurred between 105 °C and 122 °C eliminating
11.71 % of the initial mass which is due to the evaporation of
water molecule in the sample. The DTG curve shows the corres-
ponding sharp peak at the same temperature range. The second
stage weight loss was observed between 122 °C and 174 °C
with a weight loss of about 7.3 % due to the decomposition of
guanidinium compound with the release of ammonia. The third
and fourth stage of decomposition experience the major weight
losses of about 30.97 % and 49.33 % between the temperatures
907 and 1250 °C. The decomposition process was carried out
upto 1400 °C and the residual mass was stabilized at 0.39 % of
the initial mass. The sharp DTG peaks appeared in the thermo-
gram indicates the good crystalline nature of grown crystal.
From the thermal analysis, it is clear that GuCdS crystal can
be employed for practical applications upto 105 °C.
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Fig. 13. TG-DTG curve of GuCdS crystalline sample

Conclusion

A potential semi-organic nonlinear optical single crystal
of guanidinium tris cadmium sulphate octahydrate (GuCdS)
was grown from its aqueous solution by slow evaporation tech-
nique. Powder X-ray diffraction analysis confirmed that the
grown crystal belongs to triclinic system with space group P 1.
The FTIR analysis revealed the functional groups present in
GuCdS compound and their different modes of vibrations. The
UV-vis-NIR spectral studies elucidated that GuCdS crystal has
80 % transmission in the entire visible and NIR region thus
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confirming the suitability of grown crystal for optical applica-
tions. The band gap value was found to be 6.14 eV. The refra-
ctive index, extinction coefficient and optical conductivity were
calculated using the optical transmission data. The second
harmonic generation efficiency was calculated to be 2.4 times
that of KDP. The third order nonlinear optical parameters such
as nonlinear refractive index, nonlinear absorption coefficient
and the real and imaginary part of nonlinear susceptibilities were
calculated using Z-scan technique. The variation of dielectric
constant with applied field frequency and temperature were
analyzed and it was found that the crystal exhibits low dielectric
loss which is an important property for NLO application. From
microhardness study, it was found that the crystal belongs to
soft material category. The crystal exhibits high laser damage
threshold value of 1.796 GW/cm?® which is a favourable property
for nonlinear applications. The Vicker’s microhardness values
measured indicates the high mechanical strength of the crystal.
From TG-DTG curves, it is evident that the material is stable
up to 105 °C. Thus optical, mechanical and electrical properties
of grown GuCdS crystal indicate the suitability of crystal for
future photonic applications.
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