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Present investigation is aimed to explore the single crystal growth, microhardness and third order nonlinear opti-
cal (TONLO) properties of Nd3" doped zinc tris-thiourea sulphate (ZTS) crystal. The commercial slow solvent evapo-
ration technique has been chosen to grow a good quality ZTS (12 mm x 0.5 mm x 0.3 mm) and Nd>* doped ZTS
(11 mm x 0.6 mm x 0.4 mm) single crystals. Vickers microhardness test has been employed to analyze the influence of Nd3*
dopant on the hardness behavior of ZTS single crystal. The TONLO effects occurring in Nd>* doped ZTS single crystal have
been evaluated by means of Z-scan technique using a He—Ne laser operating at 632.8 nm. The close and open aperture Z-scan
configuration have been used to determine the nature of TONLO refraction ny and absorption f3, respectively. The magnitudes
of vital TONLOQ parameters, such as refraction n,, absorption coefficient {3, figure of merit and susceptibility x> of the Nd3*
doped ZTS single crystal, have been determined using Z-scan transmittance data. The ny, 8, and x> of Nd>* doped ZTS single
crystal were found to be of the order of 10710 cm?/W, 10~% cm/W and 107 esu, respectively.
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1. Introduction

The rigorous development in semiorganic non-
linear optical (NLO) thiourea metal complex
(TMC) crystals has aroused the interest of re-
search community as they offer excellent charac-
teristics when compared with organic and inor-
ganic counterparts. Currently, the NLO crystals are
mainly processed for using in designing of dis-
tinct optoelectronic and photonic devices [1-3]. In
the past few years a large range of TMC crys-
tals have been reported and extensively studied
by many researchers [4-8]. Amongst all reported
TMC crystals, the zinc tris-thiourea sulphate (ZTS)
crystal reveals higher second harmonic genera-
tion (SHQG) efficiency and unique structural sym-
metry (orthorhombic crystal structure and Pca2;
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noncentrosymmetric space group). In addition,
ZTS crystal exhibits outstanding physical, elec-
trical, mechanical and thermal properties [9-11],
which are vital parameters desired for processing
and designing hi-tech optical devices. Recently,
many research groups have aimed to grow excel-
lent quality ZTS crystals and immense attention
has been paid to enhance their performance. Sev-
eral studies reported that doping of specific ad-
ditive have significant impact on inherent prop-
erties of ZTS crystal [12, 13]. The doping effect
of lithium, sodium, manganese, cadmium, nickel,
magnesium, cesium, aluminum and antimony on
different traits of ZTS crystal has been reported
in literature [14-21]. Very recently, our research
group has informed about the promising effect of
Nd** on crystal growth, structural, optical and
electrical properties of ZTS crystal [23]. How-
ever, up to now, the hardness and third order
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nonlinear optical properties of Nd** doped ZTS
crystal, which are vital for construction of pho-
tonic devices, have not been reported. The current
extended studies of Nd** doped ZTS crystal in-
volved crystal growth as well as microhardness and
Z-scan studies.

2. Experimental

2.1.

Double distilled water, zinc sulphate (ZnSOy),
thiourea (CS(NH3);) and neodymium trioxide
(Nd,0O3) were used in the experiments.

Starting materials

2.2. Synthesis and crystal growth

The host material of ZTS crystal complex has
been synthesized by dissolving AR grade zinc
sulphate (1 mol) and thiourea (3 mol) in dou-
ble distilled water. The solution was agitated con-
tinuously for four hours and ZTS crystal com-
plex has been obtained according to the reaction:
3CS(NH3), + ZnSO4 — Zn[CS(NH3)2]3S04.

The purity of the ZTS crystal has been achieved
by successive recrystallization process. In order
to dope Nd** into ZTS crystal 2 mole of Nd,O3
was weighted using electronic balance and grad-
ually added to the supersaturated solution of ZTS
material. The Nd>,O3 added ZTS solution was ag-
itated to achieve homogeneous doping of Nd**
throughout the solution. The Nd** doped ZTS
(Nd-ZTS) solution was filtered in a beaker and kept
for slow evaporation in a constant temperature bath
at 36 °C (£0.01 °C). The ZTS crystal of dimen-
sions 12 mm x 0.5 mm X 0.3 mm and Nd-ZTS
crystal of dimensions 11 mm x 0.6 mm x 0.4 mm
have been grown as depicted in Fig. 1a and Fig. 1b,
respectively.

3. Results and discussion

The hardness is an essential physical parame-
ter as far as polishing and processing of crystal is
concerned. It definitely limits the wastage of crystal
material and favors the commercial fabrication of
various devices [24-26]. The intrinsic (heat of for-
mation, interatomic bonding, internal lattice energy

Fig. 1. Single crystals of (a) ZTS, (b) Nd-ZTS.

and Debye temperature) [27] and extrinsic (solvent
inclusions, defects, impurity vacancy, dislocations
and low angle grain boundaries) [28] factors are
the decisive parameters influencing hardness of a
material. The Vickers microhardness test has been
employed to explore the effect of Nd** on the hard-
ness of ZTS crystal using a Shimadzu HMV-2T mi-
crohardness analyzer. The hardness properties are
connected with anisotropic nature along different
crystal planes The effect of applied load on crys-
tal surface may evolve in two ways (a) the hard-
ness decreases with an increase in load, which is
known as normal indentation size effect (NISE)
phenomenon, and (b) the hardness increases
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Fig. 2. (a) load dependent hardness, (b) load dependent
elastic stiffness coefficient.

with an increase in load, which is known as reverse
indentation size effect (RISE) phenomenon [29]. In
present analysis, the surface of pure and Nd-ZTS
crystal was exposed for a period of 10 seconds to
increasing load (25 g, 50 g and 100 g) and the diag-
onal length of the indentation was measured to cal-
culate the hardness (Hy) along the selected surface.
The H, of the grown crystals has been evaluated
using the equation:

H, =1.8544 x (P/d?) (1)
where P is the applied load in kg and d is the
diagonal length of indentation in mm [30]. The
variation of hardness with applied load is shown
in Fig. 2a. It is observed that the hardness of the
grown crystal increases with an increase in applied

load due to the RISE phenomenon. The analysis re-
veals that the Nd-ZTS crystal exhibits higher hard-
ness in comparison to ZTS crystal which indicates
that doping of Nd** significantly enhanced the
threshold of dislocation density of ZTS crystal and
minimized the effect of lattice imperfections [31].
The increased hardness confirms the superiority of
Nd-ZTS crystal over ZTS and evidences that the
wastage of Nd-ZTS crystal will be minimum dur-
ing polishing and processing of the material before
subjecting it to practical device fabrication as ob-
served in several doped crystals [32, 33]. In the ma-
terial two consecutive atoms are hold by a mutual
bond whose strength can be identified by evaluat-
ing the elastic stiffness coefficient (C;; = HV7/ 4
of the material [34]. The variation of elastic stiff-
ness with reference to the applied load is shown in
Fig. 2b. It reveals that this magnitude for pure and
Nd-ZTS crystals increases with the load confirm-
ing that the dopant Nd imparts a positive effect on
improving the hardness parameters of ZTS crystal.
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Fig. 4. Z-scan transmittance curve (a) close, (b) open.

The thorough understanding of third order non-
linear optical (TONLO) behavior of discrete ma-
terials (organic, inorganic, semiconductors and
nanoparticles) is absolutely demanded for devel-
opment and designing of advanced photonic de-
vices [35]. In current era of technology, the Z-scan
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Table 1. Optical resolution of Z-scan setup.

Parameters Magnitude
Laser wavelength A 632.8 nm
Laser power P 10 mW
Lens focal length f 20 cm
Optical path distance Z 113 cm
Beam waist radius w, 1 mm
Aperture radius 1, 1.5 mm

Incident intensity at the focus I, 2.3375 kW/m?

is found to be the most influential, sensitive and po-
tential technique, developed by Bahae et al. [36],
to explore the TONLO refraction np, susceptibil-
ity x> and absorption coefficient 3 of material.
The Z-scan experimental setup was designed using
the optics with parameters as tabulated in Table 1
and its schematic diagram is shown in Fig. 3. In
present Z-scan analysis, the polished crystal sam-
ple of 0.5 mm thickness was mounted on the sam-
ple holder positioned at the focus (Z = 0). The
sample was later moved along the beam irradia-
tion path (i.e. Z-direction) and the transmitted in-
tensity from the crystal was recorded using the pho-
todetector placed at far field. The transmitted op-
tical signal from Nd-ZTS crystal sample recorded
with close aperture of detector is shown in Fig. 4a.
It reveals that the Nd-ZTS crystal offers the pre-
focus valley to post-focus peak phase change in
TONLO refraction n,. It confirms the occurrence of
positive refraction nonlinearity in Nd-ZTS crystal
which is primarily attributed to material exhibiting
self-focusing character [37, 38]. The TONLO re-
fraction in material is governed by the phenomenon
of localized absorption of incident optical beam of
high frequency, giving rise to thermal lensing ef-
fect (spatial distribution of energy along the crys-
tal surface) [39—41]. The positive refraction nonlin-
earity of high magnitude leads to Kerr lens mode-
locking (KLM) whose ability is highly desirable
for shorter pulse generation and laser stabilization
systems [42, 43]. The dependence of peak to valley
transmittance AT,y in terms of on axis phase shift
AD is expressed as [36]:

AT,_, = 0.406(1 — 5)** |A¢| ()

where S =[1 —exp (—2r§/w§)] is the aperture linear
transmittance, r, is the aperture radius and w, is
the beam radius at the aperture. The value of n, has
been calculated using the equation [36]:

__Ad
KIopL, sy

where K = 27w/A (A is the laser wave-
length), Iy is the beam intensity at the focus,
Legr = [1 — exp(—xL))/a, is the effective thickness
of the sample depending on linear absorption
coefficient « and L is the thickness of the sample.
The magnitude of n, was found to be of order of
107 ¢cm?/W. The open aperture Z-scan analysis
gives the precise idea of TONLO absorption
tendency of the grown crystal. The recorded open
aperture Z-scan curve of Nd-ZTS crystal is shown
in Fig. 4b. The analysis of the plot reveals that
when the sample reaches the focus point the
propagation of light through the signal increases
leading to high transmittance at the focus. This
confirms the presence of saturable absorption (SA)
effect in the grown crystal [44]. The increase in
transmittance at the focus is facilitated by the
dominance of ground state linear absorption over
the excited state absorption [45, 46]. The TONLO
absorption coefficient (3 of the grown crystal has
been evaluated using the following equation [36]:

3)

nz

272AT

P ol

“4)

where AT is the one valley value at the open aper-
ture Z-scan curve. The (3 of Nd-ZTS crystal was
found to be of order 107® ¢cm/W. The Nd-ZTS
crystal with significant SA effect might serve as a
potential candidate for designing Q-switching ele-
ments for lasers [47]. The x> was calculated using
the following equations [36]:

Rey®) (esu) = 1074 (89C?no’ny) /m(cm® /W) (5)

Imy ™) (esu) = 1072 (g,C?n*AB) /4T* (cm/W)
(6)

2 = \/ (Rex @)’ + (Img®)* (D
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Table 2. Comparison of TONLO parameters.

Crystal n, [em?/W] B [cm/W] x> [esu] Literature
ZTS —5.36 x 10712 424 x 1074 3.5%x 1074 [9]
Nd-ZTS 8.27 x 10~10 6.10 x 10~° 3.87 x 1073 This work

where € is the vacuum permittivity, ng is the linear
refractive index of the sample and c is the velocity
of light in vacuum. The polarizing ability of the ma-
terial is the most decisive parameter which is pro-
portional to the high magnitude of TONLO suscep-
tibility x> of the material [48]. The x> of the grown
crystal was found to be of the order of 107> esu.
The high magnitude of susceptibility might have
been attributed to the enhanced charge transfer and
delocalization of 7t-electrons due to incident opti-
cal energy [48-50]. The materials exhibiting figure
of merit (FOM) less than 1 have very high credi-
bility for designing photonic devices [51, 52]. The
FOM of Nd-ZTS crystal has been evaluated using
the relation [53]:
FOM = BA/n;y ®)
The FOM of Nd-ZTS crystal was found to be
0.46 which confirms its suitability to photonics de-
vice applications. The TONLO properties of the
grown crystals were systematically compared and
tabulated in Table 2.

4. Conclusions

Optimum size pure and Nd-ZTS single crys-
tals have been grown by slow solvent evapora-
tion technique at temperature of 36 °C. The mi-
crohardness study and Z-scan analysis of Nd-ZTS
crystal have been successfully accomplished. The
microhardness analysis revealed that the Nd-ZTS
crystal has higher dislocation density threshold as
compared to ZTS, resulting in high hardness of
Nd-ZTS crystal. The enhanced elastic stiffness co-
efficient confirmed the strong interatomic bonding
in Nd-ZTS crystal. The close and open aperture
Z-scan analysis confirmed the potential TONLO
behavior of Nd-ZTS crystal. The Nd-ZTS crys-
tal was found to be an important material exhibit-
ing self-focusing tendency, i.e. positive refraction

nonlinearity due to thermal lensing effect. The
magnitude of n, of Nd-ZTS crystal was found to
be 8.27 x 107! cm?/W. The dominance of linear
absorption coefficient over the excited state absorp-
tion led to SA effect in Nd-ZTS crystal and the
TONLO absorption coefficient 3 was found to be
6.10 x 107% cm/W. The susceptibility of Nd-ZTS
crystal was found to be as high as 3.87 x 107 esu
which resulted from the enhanced charge trans-
fer facilitated by delocalization of 7t-electron. The
magnitude of FOM of Nd-ZTS crystal was de-
termined to be 0.46 which confirms the dominat-
ing effect of np over (3. The excellent third order
nonlinear optical nature of Nd-ZTS crystal con-
firms its potential reliability for using in designing
photonic devices.
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