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a b s t r a c t

Sulfamic acid (SA) single crystals, both pure and doped with 1, 2.5 and 5 mol% Nd, were grown
successfully in an aqueous solution by the slow cooling method. Powder X-ray diffraction patterns were
recorded to check the variation in the lattice parameters and phase of the crystals. The optical
transparency was found to be hig Prod. Type: FTPhest (∼80%) for the 1 mol% Nd3+ doped SA single

Nd doping on the crystalline perfection was assessed by a high resolution X-ray diffractometer
(HRXRD) and shows that the grown crystals could accommodate Nd3+ at the interstitial positions in the
crystalline matrix of SA up to some critical concentration without any deterioration in the crystalline
perfection. The etching studies were carried out and the etch pits densities were calculated. The
mechanical property of grown single crystals was also studied.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

In the recent past the use of optical single crystals has been
increased due to their wide application in the field of photonics
such as high-speed information processing, frequency conversion,
optical communication, high optical disk data storage etc. [1–5].
Due to these challenging applications the growth of single crystals
of optical materials is very important for the fabrication of
technologically important devices. The use of single crystals is
clearly noticeable in industries like electronics and optics. Sulfamic
acid (H3NSO3) (SA) is the monoamide of sulfuric acid has an
orthorhombic structure and the properties of this materials do not
change for many years. It is a strong inorganic acid and exhibits
zwitterionic form when mixing with water. SA finds good applica-
tions in multi stage flash evaporation (MSF) desalination plants for
cleaning demisters, heat exchangers, cooling water systems etc.
Recently in Japan the industries have established this reagent as a
standard substance for titrimetric investigations.
ll rights reserved.
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From an application point of view the great effort has been
made for the growth and characterization of pure and doped
crystals, as the dopants or additives play a vital role in enhancing
their physical properties. The concentration of the dopants affects
various properties such as: crystalline perfection, optical, mechan-
ical, dielectric, nonlinear etc. [6,7]. Few reports are available on the
growth of pure and doped SA crystals by solution and the
Sanakaranarayana–Ramasamy (SR) method [8–16].

As per the authors knowledge and available literature there is
no report available on the growth and characterization of Nd3+

doped SA single crystals. The main aim of the present commu-
nication is to study the effect of Nd3+ doping on the growth,
structural, optical, crystalline perfection and mechanical properties
of SA single crystals.
2. Experimental

2.1. Crystal growth

Commercially available 99.99% pure sulfamic acid was used and
recrystallized for further purification and then used for single crystal
growth by the slow cooling method. Initially a ∼1000 ml solution of
high homogeneity was prepared for crystal growth according to
the solubility of material at 308 K by continuous stirring for more
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than 24 h. The prepared solution was filtered in four highly cleaned
beakers, from which one was kept as pure covered with a perforated
plastic sheet and housed in constant temperature bath.

In the other three beakers neodymium (Nd3+) was added with 1,
2.5 and 5mol% concentrations and again saturated solutions were
prepared in double distilled water at the same temperature with
constant stirring for 24 h. The prepared solutions were again filtered in
another three beakers, covered with the perforated plastic sheet and
then housed in constant temperature bath controlled by a Eurotherm
controller at 308 K for crystal growth. After two days we started to
reduce the temperature by 1 1C/day and continuously watched with
the help of a microscope to observe nucleation. After four days the first
nucleationwas observed at 304 K and left to grow, but after three days
we observed that the growth was very slow. Then we started to
reduce the temperature further down to 300 K and observed that the
growth rate was increased. We left it for further growth at the same
temperature. After 20 days good quality single crystals of hexagonal
shape with different morphologies were harvested from the mother
solution as shown in Fig. 1.

From the figure it is clear that some growth faces of SA crystals
were suppressed and elongated, which may be due to the influence of
dopants on the growth of embryos and on the metastable zone width
[17]. Also by the addition of metal ions it was found to reduce the
effect of impurities to a great extent and hence improve the quality of
the crystal surfaces. The presence of impurities is found to have a
strong influence on the growth rate, crystalline perfection and many
other physical properties.

2.2. Characterizations

Good quality single crystals of pure and Nd3+ doped SA were
used to prepare fine powders and were filtered using a standard
Fig. 1. Photograph of the as-grown Nd3+ doped SA single crystals.
sieve with ∼125 MICS aperture openings to a get homogeneous
particle size. These powdered specimens were loaded in to the
circular sample holder and investigated with a BRUKER D8
ADVANCE powder X-ray diffractometer (PXRD) with CuKα radia-
tion at a scan rate of 0.021 over the angular range of 5–701 at room
temperature. All the parameters of the XRD system were kept
same for all the specimens.

Optical transmission spectra of pure and Nd3+ doped SA single
crystals (thickness ∼1.5 mm) were recorded on a prominent (002)
face using a Perkin-Elmer Lambda 25 UV–vis spectrophotometer
in the wavelength region 200–900 nm at ambient temperature.
The recorded data was used to calculate the optical band gaps of
the grown crystals.

High-resolution X-ray diffraction (HRXRD) analysis was carried
out to evaluate the crystalline perfection of the specimen crystals.
A multicrystal X-ray diffractometer developed at the National
Physical Laboratory (NPL), New Delhi [18] was used to record
high-resolution rocking or diffraction curves (DCs). In this system,
a fine focus (0.4�8 mm2; 2 kW Mo) X-ray source energized by a
well-stabilized Philips X-ray generator (PW 1743) was employed.
The well-collimated and monochromated MoKα1 beam obtained
from the three Si monochromator crystals set in dispersive
(+,� ,�) configuration has been used as the exploring X-ray beam.
This arrangement improves the spectral purity (Δλ/λo10�5) of
the MoKα1 beam. The divergence of the exploring beam in the
horizontal plane (plane of diffraction) was estimated to be ⪡3″.
The specimen crystal is aligned in the (+,� ,� ,+) configuration.
Due to the dispersive configuration of the third monochromator
crystal with respect to the 2nd monochromator, the spectral
quality of the diffracted beam emerging from the 3rd third
monochromator has a high degree of perfection and hence, though
the lattice constant of the monochromator crystal and the speci-
men are different, the unwanted experimental dispersion broad-
ening in the diffraction curve of the specimen crystal [ΔFWHM¼
Δλ/λ(tan θM�tan θS); where θM and θS are the Bragg diffraction
angles of the monochromator and specimen crystals] is insignif-
icant. The advantage of the dispersion configuration (+,� ,�) over
the non-dispersive configuration (+,� ,+) of monochromators is
well described in our recent article [19]. The specimen can be
rotated about a vertical axis, which is perpendicular to the plane of
diffraction, with a minimum angular interval of 0.4″. The diffracted
intensity is measured using a scintillation counter. The DCs were
recorded by changing the glancing angle (angle between the
incident X-ray beam and the surface of the specimen) around
the Bragg diffraction peak position θB (taken zero as reference
point) starting from a suitable arbitrary glancing angle (θ). The
detector was kept at the same angular position 2θB with wide
opening for its slit, the so-called ω scan [19]. The omega scan is
very appropriate to record the short range order scattering caused
by defects, by scattering from local Bragg diffractions from
agglomerated point defects or due to low angle and very low
angle structural grain boundaries [20].

Vickers microhardness studies were carried out using a
Leitz–Wetzlar hardness tester equipped with a diamond square
indenter. Different loads ranging from 10 to 100 g were used for
these studies with a constant indentation time of 10 sec for all
these crystals. The distance between any two consecutive indenta-
tions is kept at more than five times the diagonal length of the
indention mark in order to avoid surface effects. For the hardness
studies, the crystals are ground with SiC paper down to 600grit
and then polished with methanol solution to remove the surface
damages. The indentations were made with a Vickers Microhard-
ness tester. At least five indentations were made on the face of
pure and Nd3+ doped SA single crystals at every load. The average
diagonal length of the indentation impression at each load was
used for measuring the microhardness value (Hv). The mechanical



Table 1
The hkl, 2 theta and d values of Nd3+ doped SA single crystals.

Planes 1 mol% Nd3+ doped SA 2.5 mol% Nd3+

doped SA
5 mol% Nd3+

doped SA
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contact between the indenter and the crystal surface produces
radial cracks. So, the fracture toughness value (Kc) which is
another mechanical parameter, was determined by measuring
the crack lengths of radial cracks.
hkl 2θ (deg) d (Å) 2θ (deg) d (Å) 2θ (deg) d (Å)

111 18.203 4.86958 18.252 4.85655 18.245 4.85861
2 19.198 4.61951 19.263 4.60395 19.212 4.61601

20 22.114 4.01653 23.468 3.7877 21.119 4.20331
21 24.059 3.69603 24.109 3.68845 24.076 3.69338

210 24.588 3.61764 24.588 3.61764 24.803 3.58683
211 26.378 3.37608 26.453 3.36666 26.401 3.37319
202 29.346 3.04107 29.426 3.03295 29.365 3.03909
212 31.396 2.84698 31.445 2.84263 31.446 2.8426
221 32.757 2.73178 32.79 2.7291 32.782 2.72968
23 36.904 2.43374 36.98 2.4289 36.153 2.48255
213 38.342 2.34568 38.359 2.3447 38.347 2.3454

4 38.924 2.31195 38.987 2.30837 38.967 2.30952
132 40.316 2.2353 40.396 2.23101 40.306 2.23582
231 41.412 2.17859 41.345 2.18199 41.431 2.17765
40 44.907 2.01683 44.968 2.01423 44.942 2.01534

401 45.976 1.97239 46.062 1.96892 46.055 1.96919
124 46.61 1.94704 46.65 1.94546 46.626 1.94639
141 47.437 1.91501 47.489 1.91303 47.464 1.91397
142 50.614 1.80201 50.554 1.80401 50.354 1.81068
332 51.922 1.75963 51.996 1.7573 51.992 1.75743
314 53.44 1.71318 53.477 1.71209 53.342 1.7161
143 55.744 1.64771 55.842 1.64506 55.359 1.65825
3. Results and discussion

3.1. Powder X-ray diffraction analysis

The powder XRD pattern of pure as well as Nd3+ doped SA
single crystals were recorded as shown in Fig. 2, and found to
contain all the original peaks of SA [10]. The observed 2 theta and
d values for the doped SA crystals are given in Table 1. The
recorded data was used to calculate lattice parameters using
POWDERX and CHECKCELL software from which it was confirmed
that the grown crystals belong to the orthorhombic system with
the non-centrosymmetric space group Pbca. The hkl, 2 theta and d
values of Nd3+ doped SA single crystals are presented in Table 1
and the calculated lattice parameters are given in Table 2 and
found to be in good agreement with the earlier reported values
[11,16]. No new phase was observed except a minute variation in
the angular values in the XRD pattern that may be due to
incorporation of dopants leading to a slight variation in lattice
parameters of the grown crystals. From Fig. 2 it is also clear that
Fig. 2. XRD pattern of pure and Nd3+ doped SA crystals.

430 56.765 1.62047 56.792 1.61978 57.131 1.61097
432 60.509 1.52886 60.573 1.52738 60.535 1.52826
334 63.121 1.47173 63.182 1.47045 63.183 1.47042
433 65.078 1.43212 65.856 1.41706 65.166 1.43039

Table 2
Lattice parameters of pure and Nd3+ doped SA single crystals.

Sample a (Å) b (Å) c (Å) V (Å3)

Pure SA [11,16] 8.078/8.0660 8.116/8.1150 9.268/9.2550 607.62/605.791
Pure SA [16] 8.115 8.066 9.255 602.221
1.0 mol% NDSA 8.1174 8.0654 9.222 603.764
2.5 mol% NDSA 8.1105 8.0593 9.2202 602.679
5.0 mol% NDSA 8.109 8.0622 9.2301 603.431
the intensity of the peaks for 1 mol% Nd doped SA crystal is higher
than for the other doping concentrations and also exceeds all other
doping concentrations from an earlier report [10].
3.2. Optical analysis

3.2.1. UV–vis optical transmission analysis
The recorded optical transmission spectrum of Nd3+ doped SA

single crystal is shown in Fig. 3. It clear from the figure that the
optical transparency increased with a Nd3+ doping of 1.0 mol% and
then gradually decreased for 2.5 and 5.0 mol% doping concentra-
tion but still higher than pure and previously studied doped SA
single crystals [9–12]. The high transmission in the entire region
also confirmed the colorless nature of the grown crystal. Scattering
centers were responsible for the optical loss and the improvement
of the optical transmittance in 1 Mol% doped NdSA crystal maybe
due to the reduction of the scattering centers from crystallo-
graphic defects and structural defects [21–23]. The crystal grown
with 1.0 mol% doping is good from an applications point of view as
its transparency is higher in comparison with other crystals and
also has superior PXRD and HRXRD results. Hence the titled
compound could be a good candidate for fabrication of optical
devices.



Fig. 3. UV–vis spectra of Nd3+ doped SA crystals.

Fig. 4. Optical band gap of 1 mol%, 2.5 mol% and 5 mol% Nd3+ doped SA crystals.
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3.2.2. Optical band gap analysis
The recorded data was used to calculate the optical band gap of

the grown crystals. First the absorption spectrum was obtained
from the transmission data then optical absorption coefficient (α)
was calculated using the relation

α¼ Absorption=t ð1Þ
where t is the thickness of the used crystal. The optical band gap
(Eg) was calculated from the optical absorption coefficient (α) near
the absorption edge from the following relation:

αhν¼ Aðhν�EgÞ1=2 ð2Þ
where A is a constant, Eg is the optical band gap, h is Plank's
constant and ν is the frequency of the incident photons. The band
gap of the grown crystals was calculated by extrapolating the
straight line to the x-axis (hν) as shown in Fig. 4 and found to be
∼4.31, 4.20 and 3.67 eV for 1 mol%, 2.5 mol% and 5 mol% Nd3+

doped SA crystals respectively.

3.3. HRXRD analysis

Fig. 5(a) shows the high-resolution diffraction curve (DC)
recorded for a 1 mol% Nd-doped SA specimen crystal using the
(002) diffracting planes in symmetrical Bragg geometry by
employing a multicrystal X-ray diffractometer with MoKα1 radia-
tion. As seen in the figure the DC is quite sharp without any
satellite peaks which may otherwise be observed either due to
internal structural grain boundaries [24] or due to an epitaxial or
complexing layer that may sometimes form in crystals grown from
solution using dopants [25]. The full width at half maximum
(FWHM) of the diffraction curves is 4″, which is quite low and
close to that expected from the plane wave theory of dynamical
X-ray diffraction [26]. The single sharp diffraction curve with very
low FWHM indicates that the crystalline perfection is extremely
good and also better than the earlier reports on pure and doped SA
crystals [9–12]. The specimen is a nearly perfect single crystal
without having any internal structural grain boundaries. However,
when we compare the scattered intensity along the wings/tails of
the curve, for a particular angular deviation (Δθ) of glancing angle
with respect to the peak position, the scattered intensity is slightly
more in the negative direction in comparison to that of the
positive direction, which can be seen prominently in Fig. 5(b) as
described in the following.

Fig. 5(b) shows the high-resolution diffraction curve for a
2.5 mol% Nd-doped SA single crystal recorded under identical
experimental conditions including the X-ray beam size (0.2 mm�
5 mm) and intensity (9 kc/s). As seen in the figure, the DC contains
a single peak and indicates that the specimen is free from
structural grain boundaries. The FWHM (full width at half max-
imum) of the curve is 18″, which is more than that of curve (a). Just
like in Fig. 4(a), it is interesting to see the asymmetry of the DC. For
a particular angular deviation (Δθ) of the glancing angle with
respect to the peak position, the scattered intensity is much more
in the negative direction in comparison to that of the positive
direction. This feature clearly indicates that the crystal contains
predominantly vacancy defects rather than interstitial defects. This
can be well understood by the fact that due to vacancy defects, as
shown schematically in the inset, the lattice around these defects
undergo tensile stress and the lattice parameter and d (interplanar
spacing) increase leading to more scattered (also known as diffuse
X-ray scattering) intensity at slightly lower Bragg angles (θB) as d
and sin θB are inversely proportional to each other in the Bragg Eq.
(2) d sin θB¼nλ; n and λ being the order of reflection and
wavelength respectively, which are fixed. More details may be
obtained from the study of high-resolution diffuse X-ray scattering



Fig. 5. High-resolution X-ray diffraction curves recorded for (002) diffracting
planes of Nd-doped SA single crystals with doping values: (a) 1 mol%, (b) 2.5 mol
% and (c) 5 mol%.
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measurements [27], which is not the main focus of the present
investigation. If the concentration is high, the FWHM would be
much higher and often lead to structural grain boundaries [28].
Point defects up to some extent are unavoidable due to thermo-
dynamical considerations. It may be mentioned here that the
variation in lattice parameter is confined very close to the defect
core, which gives only scattered intensity close to the Bragg peak.
Long range order could not be expected and hence a change in the
lattice parameter is also not expected [29]. It may be worth
mentioning here that the Nd-dopants are more or less statistically
distributed in the crystal. If the dopants or impurities are not
statistically distributed, but distributed here and there as macro-
scopic clusters, then the strain generated by such clusters is larger
leading to cracks and structural grain boundaries. These can be
seen very clearly in HRXRD curves with additional peak(s) as
observed in our recent study on urea-doped crystals in ZTS at
various levels of doping [19]. The above analysis clearly indicates
that the Nd-doped SA contains vacancy defect, it might have
replaced K+ ions leading to vacancy for each Nd incorporated at
substitutional sites for charge neutrality. The heavy asymmetry in
Fig. 5(b) in comparison with that of Fig. 5(a) indicates the
incorporation of more Nd3+ in the specimen with 2.5 mol% doping
than that of the 1 mol% specimen.

Fig. 5(c) shows the DC recorded for the 5 mol% Nd-doped
specimen. The DC is quite different from that of curves (a) and
(b) with multiple peaks. The solid line (convoluted curve) is well
fitted with the experimental points represented by the filled
rectangles. On deconvolution of the diffraction curve, it is clear
that the curve contains three additional peaks, which are 140, 123
and 97″ away from their adjoining regions. These three additional
peaks correspond to three internal structural low angle boundaries
(41′ but less than a degree) [24], whose tilt angles are 140, 123
and 97″ from their adjoining regions. Tilt angle may be defined as
the misorientation angle between the two crystalline regions on
both sides of the structural grain boundary. The FWHM (full width
at half maximum) of the different boundaries are 60, 64, 162 and
41″. These observed boundaries are due to strains developed by
the heavy doping of Nd3+ which causes antisite defects and
associated vacancy defects. Though the specimen contains grain
boundaries, the low FWHM values and the low angular spread of
around 600″ (one sixth of a degree) of the diffraction curve
indicate that the crystalline perfection is fairly good.

3.4. Chemical etching study

To study the defect structure of a single crystal, etching is the
simplest characterization technique that can be used. However,
the success of this technique lies in the efficiency of the chemical
etchant to sense the dislocation sites selectively in the specimen.
The etch pits are formed at the dislocation centers on those faces
of the grown crystals at which the additives are bound. The
chemical etching studies were carried out on Nd3+ doped SA
single crystals with a number of etchants (ethanol, methanol,
acetone, water etc.), but the best etching action was observed with
water and the etching time was kept constant (20 s) for all
samples. The shape of the etch pits are almost all similar
(elongated rectangles) for the present crystals but the etch pit
density is different for different concentrations of impurities/
dopants. In chemical etching the etching time, concentration of
etchant or etchant ratio and selective etchant play vital roles [30].
The 〈100〉 faces of grown Nd3+ doped SA single crystals were
subjected to etching with water at room temperature. Fig. 6(a),
(b) and (c), shows the surfaces of the grown crystals of 1, 2.5 and
5 mol% Nd3+ doped SA respectively. The etch pit densities were
calculated for all the specimen crystals and found to be in the
range of 2.2�103, 3.4�103 and 4.5�103. In the present study a
lower etch pit density is observed in the case 1.0 mol% Nd3+ doped
SA crystals showing that the crystals have fewer defects which
consistent with HRXRD and UV–vis–NIR studies and thus these
crystals can used for optical device fabrication. In utilizing single
crystals for applications it is essential to grow single crystals
containing a reduced dislocation density [31]. A decrease in etch
pit density (EPD) is associated with more systematic packing of the
atoms during growth [32] in the 1 mol% Nd3+ doped SA crystal.

3.5. Mechanical study

Hardness of the material plays a vital role in device fabrications
and their stability. Therefore, it is very important to know the
mechanical strength of the crystal before using this material for
the fabrication of optical devices. It is a measure of the resistance
offered by the lattice to permanent deformation. The indentations
were made on the 〈100〉 face of the doped crystals. Fig. 7 shows the



Fig. 7. Vickers indentation mark on doped SA crystal at different loads.
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indentations made on the face of Nd3+ doped SA single crystals.
Hardness of all the doped crystals was calculated using the
following relation:

Hv ¼ 1:854P=d2 kg=mm2 ð3Þ
where H is the Vickers hardness number, P is the indentation load
in kilogram and d is the diagonal length of the indentation mark
(Fig. 8) in millimeter. The microhardness values were taken as the
average of the several impressions made. Hardness values esti-
mated in these samples show a normal trend that as the load
increases, the value of the hardness increases with increasing the
doping concentration of Nd3+ and reaches a load independent
region as shown in Fig. 8(a) (Table 3). The strength of the grown
crystals is found to be enhanced with Nd3+ doping. The hardness
of the doped crystals in the present investigation was found to be
higher than the pure, SR grown as well as with other dopants in
sulfamic acid crystals in previous studies [10–12]. An increase in
the mechanical strength will have significant effect on fabrication
of devices and processing such as ease of crystal polishing and less
wastage due to cracking/breakage while polishing [33–35].
Fig. 6. Etch pit patterns of (a) 1 mol%, (b) 2.5 mol% and (c) 5.0 mol% NdSA single
crystals.

Fig. 8. Plots of variations (a) Vickers hardness Hv with load P, (b) ln P vs. ln d and (c)
P vs. d2 of Nd3+ doped SA crystals.



Table 3
Mechanical parameters of Nd3+ doped SA crystals.

Crystal Hv (Kg/mm2) n W (g) Ho (Kg/mm2) Kc (g/mm3/2) Bi (mm�1/2)

1.0 mol% 192 1.52 0.1 185.4 0.076 5619.52
2.5 mol% 274 2.02 0.12 222.4 0.082 5576.09
5.0 mol% 296 2.22 0.13 241 0.099 3759.64

Fig. 9. Plots of variations (a) crack length l with load P, (b) fracture toughness Kc

with load P and (c) brittle index number Bi with load P of Nd3+ doped SA crystals.
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Meyer's law is given by following relation:

P ¼ K1d
n ð4Þ

where P is the load applied, d is the diagonal length of impression,
K1 is a constant and n is Meyer's index or work-hardening co-
efficient. The n value is estimated from the slope of ln P vs. ln d
plots shown in Fig. 8(b) and given in Table 2. Onitsch [36] and
Hanneman [37] had shown that the value of n comes out to be
1–1.6 for hard materials and more than 1.6 for soft ones.

In the present study the Meyer index number was found to be
1.5, 2.0 and 2.2 for 1, 2.5 and 5 mol% Nd3+ doped SA crystals,
respectively and clearly indicates that the crystals grown with
1 mol% Nd doping belongs to harder and rest are belongs to soft
material category. According to the Hays–Kendall approach [38],
the load dependence of the hardness is given by the following
relation:

P ¼W þ A1d
2 ð5Þ

where, W is the minimum load to initiate plastic deformation and
A1 is a load independent constant. These two values were
calculated from the plot drawn between P vs. d2 shown in Fig. 8
(c), where W is the intercept along the load axis and A1 is the
slope. The corrected hardness Ho for Nd3+ doped crystals was
calculated by using the following relation:

Ho ¼ 1854A1 ð6Þ
The n, W and Ho values for Nd3+ doped SA single crystals are

given in Table 3.

3.5.1. Fracture toughness, Brittle index
The resistance to fracture indicates the toughness of any

material. Fracture toughness (Kc) determines how much fracture
stress is applied under uniform loading and is an important
parameter for the selection of materials for device applications
where the load exceeds the limit or yield point [39]. Fracture
toughness provides the most reasonable estimation of the fracture
resistance of brittle materials. There are two modeling approaches
to crack systems that can be developed in a material as a result of
indentations. Those crack systems are radial–median and Palmq-
vist crack systems. The crack lengths (c) were measured from
centers of the indentation to tip of the crack. The crack length
bears a linear relationship with applied load as shown in Fig. 9(a).
When c/a≥2.5 (a being the half diagonal length of the indentation
mark¼d/2), the cracks developed are median and the fracture
toughness, Kc is calculated using the following relation [40]:

Kc ¼ kP=c3=2 ð7Þ
where, k (¼1/7) is a constant for Vickers indenter [41]. When
c/a≤2.5 the cracks formed during indentation have the configura-
tion of Palmqvist cracks and the fracture toughness may be
calculated using the following relation [42,43]:

Kc ¼ kP=al1=2 ð8Þ
where l¼c�a, is the mean Palmqvist crack length.

Eq. (8) was used to calculate the fracture toughness Kc. The
fracture toughness of the material which shows the resistance to
fracture also increases with doping concentration as shown in
Fig. 9(b) and the values are given in Table 3.

The brittleness is a key property of the single crystals which
determines its fracture without any appreciable deformation. It is
expressed in terms of the brittleness index (Bi) and is estimated
using the following relation [44]:

Bi ¼Hv=Kc ð9Þ
The variations of brittleness index with load for 1, 2.5 and 5 mol

% Nd3+ doped SA crystals are shown in Fig. 9(c). Figure shows that
the Brittle index number is decreases with doping concentration
[Table 3].
4. Conclusions

Good quality single crystals of SA were grown with different
doping concentrations of Nd3+. The crystal system and lattice
parameters were confirmed and calculated, which reveals that the
doping does not affect the crystal system as well as lattice
parameters. The enhancement of percentage of transmission in
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the recorded UV–vis–NIR region indicates that optical damage can
be reduced by Nd3+ doping. The optical transparency in 1 mol%
NdSA was found to be higher than other doping concentrations.
HRXRD studies show that the grown crystals could accommodate
Nd3+ at the interstitial positions in the crystalline matrix of SA up
to some critical concentration without any deterioration in the
crystalline perfection. The etching studies also show that the 1 mol
% NdSA crystals are more perfect than the other crystals. The
mechanical strength was also found to increase with Nd3+ doping.
From the above studies it is clear that Nd3+ doped SA crystals can
be a good engineering material for optical device applications.
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