





















































































































































































































































































































































A preliminary report of optical transmission and measurement of second and
third order nonlinear optical (NLO) coefficients have been made by Newmann ef al.
[5.24]. Subsequently the values of df, o and the threshold for SHG have been
reported [5.25). The SHG efficiency, optical absorption, refractive index measurement,
calculation of phase matching loci, non-critical wavelengths and their experimental
verification have been done by Marcy et al. [5.9]. They have identified the principal
dielectric axes (a, B, y) and the ANSI / IEEE piezoelectric crystal coordinate system

(x, y, z) and the crystallographic axes (a, b, c). These axes are shown in Fig. 5.2.
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Fig. 5.2: Different systems of axes for ZTS crystals
It is also reported that the intensity of 0.532 um second harmonic generated on a per
particle basis by ZTS is about 1.2 times the intensity of that generated by potassium di-
hydrogen phosphate (KDP) having the same average diameter. This indicates that the
nonlinear coefficients of ZTS are similar to those of KDP. Much better prospects for

the practical application of ZTS are found after achieving non-critical Type-11 phase
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matching (along the a-axis) by temperature tuning. It is expected that maximum
conversion efficiency could be achieved with crystals of length 3-5 cm.

Single crystal growth, defect characterization and other related studies of this
crystal have been done by several researchers and reports are available in literature
[5.10,5.26-5.31]. Studies of the slip system, surface anisotropy in micro hardness and
its relation to inter atomic bonding are also investigated and reported [5.32,5.33].

It is reported that ZTS is thermodynamically stable up to 200°C following
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).
Temperature dependence of dielectric constant over the frequency range 1-100kHz
show no anomaly, which further confirms its stability. Measurement of the thermal
expansion coefficient also does not indicate the presence of any structural phase
transition before its decomposition at about 200°C.

Single crystals of ZTS can be grown from aqueous solution either by the slow
evaporation or by the slow cooling techniques where thiourea and ZnSO4.7H,0 are
dissolved in the molar ratio ranging from 1:1 to 6:1. Since thiourea has the
coordinating capacity to form a variety of complexes, it would be safe to synthesize
ZTS first and then grow single crystals from solution after purification by several re-
crystallizations. A more detailed study of the crystal growth and scaling of ZTS has
been carried out by Cleveland Crystals Inc. in which crystals of size 13x13x62 mm’
have been grown.

In this chapter we present the results of our measurement of the elastic
properties of this crystal. All the nine second-order elastic constants of ZTS have been
determined by measuring ultrasonic wave velocities along different symmetry
directions. Other related parameters such as Poisson’s ratios, volume compressibility

etc. have also been determined. The phase velocity, group velocity and slowness
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surfaces have been plotted in two dimensions to bring out the anisotropy in elastic
wave propagation in this crystal. Variation of a few elastic constants with temperature,
over a limited range are also presented. Details of the experimental technique, results

obtained and a discussion of the results are outlined in the following sections.

5.2 Sample preparation

ZTS matenal for crystal growth has been synthesized from zinc sulphate and thiourea

following the reaction
Zl’lSO4 +3 CS(NHz)z O Zn[CS(NH2)2]3SO4

ZnSO, and thiourea taken in the molar ratio 1:3 are dissolved separately in triply
distilled water, just sufficient to dissolve it. These solutions are mixed with vigorous
stirring to avoid the formation of other complexes. The resultant precipitate of ZTS is
washed and dried. This product obtained is purified by several re-crystallizations
before attempting to grow single crystals. Fig. 5.3 indicates the solubility of ZTS in
water at different temperatures, and one can see that the temperature coefficient of
solubility is positive, but rather small. This implies that the best method to grow big-
size single crystals is the slow evaporation technique, which is described already in
Chapter 2. Single crystals of size nearly 20x18x 0.8mm’® have been grown over a
period of about 5 weeks. The prominent growth planes have been identified and the
morphology of the grown crystal is exhibited in Fig. 5.4. ZTS has a less prominent
cleavage along the (100) plane. The inter-planar angles have been measured using an
accurate contact goniometer and are compared with the values evaluated from

crystallographic data to identify the crystal directions and growth planes.
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Fig. 5.3: Solubility curve of ZTS in water
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Fig. 5.4: Morphology of ZTS crystal grown from aqueous solution
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The relative sizes of the growth planes can be expressed in the order {100} > {001} >
{010} > {012} > {201} > {012} > {110}. After identifying the crystallographic
directions, samples for measurements have been cut in the form of rectangular
parallelepipeds with a pair of parallel planes perpendicular to the a [100], b [010], ¢
[001], [110], [011] and [101] directions, as shown in Fig. 3.4 (in chapter 3) using a
slow speed diamond wheel saw. The planes of interest have been lightly polished

without spoiling the parallelism between the pair of planes.

5.3. Ultrasonic velocity measurements

Ultrasonic wave velocity measurements have been made along selected
crystallographic directions for waves of longitudinal and transverse polarizations. The
round-trip travel times through the sample cut along desired directions have been
measured accurately using the pulse echo overlap (PEO) technique, already described
in Chapter 2. To eliminate the errors introduced by the presence of the bonding
medium between the transducer and sample and the incorrect identification of the
condition of perfect match, McSkimin At correction has been applied. X and Y-cut
quartz transducers of resonant frequency 10MHz are used to generate ultrasonic wave
pulses and to detect the successive echoes after reflections from the rear end of the
sample. Eighteen different mode velocity measurements can be measured along these
specified directions. Out of this, twelve mode velocity measurements are sufficient to
evaluate all the nine second-order elastic constants with cross checks possible on some
of the critical values. Silicon grease is found to be a good bonding medium to fix the
transducer onto the crystal surface and to admit ultrasonic wave pulses generated by it
into the crystal medium. More technical details of these measurements are already

described in Chapter 2.
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5.4 Elastic constants of ZTS crystal

Velocities of propagation of ultrasonic waves through a medium are related to the

second order elastic constants and the relations are given in Table 5.1.

Table 5.1 Velocity of ultrasonic modes in ZTS crystals. L, T and QL represent

longitudinal, transverse and quasi-longitudinal modes respectively. The

relations between mode velocities and elastic constants are also given.

SL Mode | Direction of Direction of Measured Mode velocity -
No. propagation polarisation mode velocity elastic constant
relation
(m/s)

1 L [100] [100] vi=3259+6 | Ci=pv/

2 L [010] [010] v)=4151+8 | Cpp=pvy’

3 L [001] [001] vi=3042+6 | Ci3=pvi

4 T [010] [001] va=2066+4 | Cas=pva’

5 T [001] [010] vs=2065+4 | Cas=pvs’

6 T [100] [001] ve=2064+4 | Css=pve

7 T [001] [100] v7=2077+4 | Css=pvs

8 T [100] [010] vg=2153+4 | Ces= pvs’

9 T [010] [100] vo=2135+4 | Ces= pvo’

10 QL [110) [QL] vie=3863+8 | Cip=1fp®

1 QL [011] [QL] vi=3985+8 |Cxn=foe®

12 QL [101] [QL] vi=324126 |Ci3=£,©
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(a) fip = {[c? C11 + 5’ Ces- p vio'} {¢ Coo+ 5° Caz- p v’} €5°} 2 - Cy

(b) foe = {[c? Caz+ s Cas- p vir’} {c? Caa+ s’ C33- p vy 1)/ %%} % - Caa

(€) fac = {[s’ Cri+ c* Css - p vi2’}{s” Css+ ¢ C33- p vi2’)/ ¢’} 2 - Cs;s
(Here c and s are the cosine and sine of the angle of rotation from the respective axes.)
[100], [010], and [001] directions are pure mode directions and hence each of the
velocities measured along these directions are related to only one elastic constant.
[110], [010], and [011] directions are mixed mode directions and hence the velocity of
propagation of ultrasonic waves along these directions are related to several elastic
constants. Ultrasonic wave velocities measured along different crystallographic
directions are listed in Table 5.1 with polarization of the mode of propagation. The
corresponding elastic stiffness constants, compliance constants and Poisson’s ratios are

tabulated in Table 5.2.

Table 5.2 Elastic stiffness constants, compliance constants and Poisson’s ratios of ZTS

crystal at room temperature (300K)

Elastic stiffness constants | Elastic compliance constants | Poisson’s
(GPa) (x10™"° m*>-N" ratios

Ci,=19.65+0.039 Sii= 0.563+0.001

Cxn=31.88 +0.064 Sy= 0.388 +0.001 viz=0.272
Cs3=17.12 £0.034 S;3= 0.696 % 0.001 vy =0.188
Cau= 7.89£0.016 Sa= 1.266 % 0.003

Css= 7.88+0.016 Sss= 1.269 +0.003 vy =0.257
Ces= 8.58%0.017 Ses= 1.166 + 0.002 vy = 0.462
Cpp= 7.19%0.070 Si2= -0.106 + 0.001

Cu= 8.99 % 0.090 Sp3= -0.179 £ 0.002 vi3=0.109
Ci= 3.99 % 0.040 Si3= -0.076 £ 0.001 v31=0.135
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The density of the crystal is measured to be 1850 Kg-m™. The accuracy of the reported
elastic constant values is estimated to be better than 0.2% in the diagonal elastic

constants and 1% in the case of off-diagonal elastic constants.

5.5 Temperature dependence of elastic constants

In order to study the dependence of ultrasonic wave velocities on temperature, the
crystal-transducer assembly is kept in an oven whose temperature is controlled
accurately. As the temperature changes, the condition of perfect matching of the
overlapped echoes changes. The tunable continuous wave oscillator is properly
adjusted to establish the previous condition of perfect matching and the frequency
output displayed on the frequency counter is noted. Temperature dependence of the
elastic constants Cy), C;; and C;3 are shown in Fig. 5.5(a) and that of Ca4, Css and Cqe

are shown in Fig. 5.5(b).

5.6 Anisotropy in elastic wave propagation in ZTS

In order to study the anisotropy of elastic properties of ZTS, various surface
plots such as the phase velocity, slowness, group velocity, Young’s modulus and linear
compressibility have been drawn. The values of these parameters along the symmetry
planes a-b, b-c and a-c have been plotted to demonstrate the anisotropy in elastic
properties of this crystal. Sections of the phase velocity surfaces along the a-b, b-c and
a-c planes are plotted in Fig. 5.6(a), (b) and (c) respectively. The pure shear (PS),
quasi-shear (QS) and quasi-longitudinal (QL) modes are shown separately in each
diagram. These contours are almost circular in shape, which indicates that this crystal
does not show large-scale anisotropy in its ultrasonic (elastic) wave propagation

characteristics.
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Fig.5.5(a) : Dependence of elastic constants C, C;; and Cj3 on temperature.
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Fig. 5.6(a): Section of the phase velocity surfaces of ZTS along the a-b plane.
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Fig. 5.6(b): Section of the phase velocity surfaces of ZTS along the b-c plane.
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Fig. 5.6(c): Section of the phase velocity surfaces of ZTS along the a-c plane
Fig. 5.7(a), (b) and (c) show sections of the slowness surfaces along the a-b, b-c
and a-c planes respectively, which are similar in nature. Ray velocity or group velocity
is the velocity of p}'opagation of the energy, which need not be collinear with the
corresponding phase velocity. Sections of the ray velocity (group velocity) surface

along the a-b, b-c and a-c planes are shown in Fig. 5.8(a), (b) and (c) respectively.
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Fig. 5.7(a): Section of the slowness surfaces of ZTS along the a-b plane
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Fig. 5.7(b): Section of the slowness surfaces of ZTS along the b-c plane.
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Fig. 5.7(c): Section of the slowness surfaces of ZTS along the a-c plane.
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Fig. 5.8(a): Section of the group velocity surfaces of ZTS along the a-b plane.
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Fig. 5.8(c): Section of the group velocity surfaces of ZTS along the a-c plane

These figures indicate that ZTS single crystals show somewhat isotropic behavior as
far as ultrasonic wave propagation is concerned.

Eq. 1.66 (in chapter 1) indicates that Young’s modulus is a direction dependent
parameter and hence the shape of the surface generated by plotting Young’s modulus
values for various directions will be very useful to demonstrate the anisotropy in
elastic properties. Sections of the Young’s modulus surface along the a-b, b-c and a-c
planes are shown in Fig. 5.9. The oval shape of these curves indicates the anisotropy in
Young’s modulus.

The presence of the direction cosines /, m and n in Eq.1.74 also indicate that
the linear compressibility is also a direction dependent parameter. Sections of linear
compressibility surface along the a-b, b-c and a-c symmetry planes are shown in Fig.
5.10. These are not circular in shape and hence the compressibility of this crystal along
different directions in the crystal show clear anisotropy, when unit hydrostatic pressure

1s applied.
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Fig. 5.9: Sections of the Young’s modulus surface of ZTS along
the a-b (xxx), b-c (+++) and a-c (000) planes.
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Fig. 5.10: Sections of the linear compressibility surface of ZTS
along the a-b (xxx), b-c (+++) and a-c (000) planes.
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5.7 Discussion and conclusion

All the nine second order elastic stiffness constants of Zinc tris(thiourea) sulphate
single crystals are reported for the first time. Velocities of propagation of ultrasonic
waves of both longitudinal and transverse nature along selected directions have been
measured with the maximum possible accuracy and necessary computations have been
done to evaluate all the nine second-order elastic stiffness and compliance constants of
this crystal. These constants along with Poisson’s ratios are tabulated in Table 5.2. The
volume compressibility of this crystal has been evaluated using Eq. (1.71) as 0.926 x
10"°m* N and the corresponding bulk modulus is 10.8GPa.

Elastic constants C;, C;; and Cs; are found to depend heavily on temperature.
Longitudinal tensions along a, b and c directions cause the lattice to stretch along the
respective directions. This enhances thermal expansion of the lattice. As temperature
increases, the longitudinal strain corresponding to a fixed longitudinal stress increases,
resulting in a decrease in the elastic constant values. Cas, Css and C¢¢ depend much less
on temperature. Shearing caused by tangential forces and hence the corresponding
shear elastic constants are practically not much affected by increase in temperature. Css
and Ces show a small decrease in their values with rise of temperature, whereas Cs4
remains practically unaffected.

Single crystals of ZTS grown from the aqueous solution are optically clear and
transparent. Qur results indicate that ZTS does not show any large-scale anisotropy in
its elastic properties. Crystals are hard with no pronounced cleavage and hence are

suitable for device fabrication, if other properties meet the desired requirements.
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Chapter 6

Elastic properties of

Benzoyl glycine (BG) single crystals

6.1 Introduction

The nonlinear optical (NLO) properties of large organic molecules and polymers have
been the subject of extensive theoretical and experimental investigations during the
past two decades [6.1-6.3]. Organic NLO materials play an important role in second
harmonic generation (SHG), frequency mixing, electro-optic modulation, optical
parametric oscillation, optical bistability etc. [6.4]. Recently, a number of organic
compounds with non-localized n-electron systems having large dipole moments have
been synthesized to realize nonlinear susceptibilities far larger than well known
inorganic nonlinear optical materials [6.5,6.6]. The basic features of nonlinear
molecules are: (i) presence of highly conjugated and polarizable electronic systems,
either linear, cyclic or a combination of both and (ii) occurrence of inter-molecular
charge transfer, which could be modulated by a suitable choice of acceptor and donor

substituents.

121



Moreover, one can in a similar way, adjust the transparency of the system
(usually between 0.3 and 2 pm). The crystal must also be noncentro-symmetric to
ensure molecular nonlinear response. From the fabrication and exploitation point of
view, the other important aspects to be considered are (i) easy and inexpensive
synthesis, (ii) desirable physio-chemical properties such as good radiation - thermal
and chemical - resistance, (ii.i) ease of crystal growth etc. Moreover, the as grown
crystal should exhibit satisfactory mechanical properties such as good strength. and
hardness for cutting and polishing of the crystal, which are essential for device
fabrication.

A more detailed discussion of some of the important issues connected with
crystal growth and characterization of some of the most important organic nonlinear
optical crystals are available in literature [6.7]. A long list of organic molecular
crystals exhibiting NLO property is available in literature [6.2,6.3,6.8]. Extensively
studied molecular crystals belonging to this category are hexamethylenetetramine
(HMT) [6.9], hippuric acid or benzoyl glycine [6.10] and benzil [6.11], for all of which
a variety of optical properties are already known. However, applications of these
crystals in device fabrication are rather limited due to poor chemical stability and red
shift of the cut-off wavelength caused by the large organic n-conjugated group.
Moreover, the large birefringence resulting from the stacking of the structure radical
and several other factors lead to poor phase matching of optical waves in these
materials.

Benzoyl glycine (BG) or hippuric acid with the chemical formula CcHsCO-
NH-CH,-COOH is reported to be an excellent piezoelectric crystal [6.12] and NLO
material [6.10,6.13]. The efficiency of second harmonic generation (SHG) is about

37% for this in single crystal form and it is much higher than that of potassium
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dihydrogen phosphate (22%). A second harmonic output of wavelength A = 532 nm of
output power 7.7mW is reported to be obtained for an input power of 21mW using Q-
switched, mode locked Nd: YAG laser (A = 1064 nm) using BG single crystals. The
SHG efficiency has been measured using the Kurtz's powder technique [6.14]. Also,
the range of optical transparency of this crystal is reported to be much larger than that
of other well-characterized organic NLO crystals such as 3-methyl-4-nitropyridine-1-
oxide (POM), N-(4-nitrophenyl)-L-prolinol (NPP), vanillin etc. This indicates its
stability for the generation and mixing of frequencies over a wide wavelength range of
the electromagnetic spectrum. Thus this crystal can be efficiently used for the up
conversion of IR radiation into visible green light. Scanning force microscopy of ion-
-irradiated benzoyl glycine single crystals has been done recently by Nagaraja et al.
[6.13]. They have done surface characterization of BG crystals irradiated with Bi ions.

N-Benzoyl glycine has a formula weight 179.18 and melting point 187 C. It
crystallizes into the orthorhombic structure with space group P2,2,2,. The lattice
parameters are reported to be a = 9.112A, b =10. 566 A and c = 8.855 A and has four
molecules per unit cell [6.13]. It can be synthesized from GR grade benzoyl chloride

and glycine according to the chemical reaction.

Ce¢HsCOCI1 + CH,NH,COOH — C¢Hs-CONH-CH,-COOH + HCl.

The product can be purified by recrystallisations from boiling water. Now, benzoyl
glycine (GR grade) is readily available and hence the synthesis and purification
processes can be avoided.

In this work we have measured the elastic properties of benzoyl glycine single
crystals. All the nine second order elastic constants have been determined by

measuring the velocities of ultrasonic waves of longitudinal and transverse
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polarisations propagating along various symmetry directions. Temperature variation of
selected elastic constants have been measured. Anisotropy in the propagation of elastic
waves in this crystal has been brought out by plotting the phase velocity, slowness,

group velocity, Young’s modulus and linear compressibility surfaces. Details of the

work are described in the following sections.

6.2 Sample preparation

The determination of all the nine second-order elastic stiffness constant require
ultrasonic wave velocity data along preferred symmetry directions in the crystal.
Single crystals of benzoyl glycine have been grown by the slow evaporation technique.
N,N-dimethylformamide, HCON(CH3),, is found to be a very good solvent for benzoyl
glycine. Either the slow evaporation technique or slow cooling technique can be
adopted to grow large single crystals from supersaturated solution. The variation of
solubility (gm. /100ml) of benzoyl glycine with temperature is shown in Fig. 6.1. It can
be seen that the solubility increases steadily with rise of temperature and hence,
because of the large positive temperature coefficient of solubility, one can grow big-
size crystals adopting the slow cooling technique. The elastic properties of this crystal
have not been reported so far, where as optical and other characterization studies have
been reported already.

The prominent growth planes have been identified by measuring the inter-
planar angles with an accurate contact goniometer and comparing it with the values
evaluated from crystallographic data. The (100) and (010) planes are totally absent
indicating that the growth rates along these directions are much larger. The

morphology of the grown crystal is shown in Fig. 6.2.
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Fig. 6.1: Solubility curve of BG in N,N-dimethylformamide (DMF)
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Fig. 6.2: Morphology exhibited by BG crystals grown from solution
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The molecular structure and packing of molecules as viewed down along the c-axis are

shown in Fig. 6.3(a) and Fig. 6.3(b) respectively.

Fig. 6.3(a): The molecular structure of BG

+b

Fig. 6.3(b): Packing of benzoyl glycine molecules in the unit cell as viewed down

along the c-axis
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The thermo-gravimetric analysis of the grown crystal indicates that the crystal is stable

up to its melting point (187 °C) and has no water of crystallization.

6.3 Ultrasonic velocity measurements

Ringhertz [6.15] reported the lattice parameters as a = 8.874A, b =10.577 A and ¢ =
9.177A which is not according to the IRE standards [6.16]. The more exact
crystallographic data was reported later by Nagaraja et al. [6.13] and according to them
a=9112 A, b=10.566 A and c = 8.855 A which conforms to the IRE standards.
Samples in the form of rectangular parallelepipeds have been cut from the grown
crystal using a slow speed diamond wheel saw. Samples with parallel planes
perpendicular to the a [100], b [010] and c [001] directions and any one direction in the
a-b, b-c and a-c planes (Fig.3.4 in chapter 3) are essential for the determination of all
the nine second-order elastic constants. In this work, ultrasonic wave velocity along
the [110] direction-and directions perpendicular to the (101) and (01 1) planes have
been measured, since the grown crystal has insufficient thickness in the required
direction.

Ultrasonic pulse echo overlap (PEO) technique is adopted to determine the
round-trip travel time through the sample accurately. X and Y-cut quartz transducers of
resonant frequency 10MHz have been used to generate ultrasonic wave pulses. Silicon
grease is found to be a good bonding medium to fix the transducer on the crystal
sample surface and to admit these wave pulses into the sample. The presence of the
bonding medium can introduce some additional phase change and because of the
progressive decrease in the amplitude of the successive echoes, the judgement of the
condition of perfect overlap by visual evaluation also can introduce some error in the

measured travel time. The analytical technique developed by McSkimin to eliminate
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these errors was applied for better accuracy. More details of the measurement

technique and McSkimin At correction are already described in Chapter 2.

6.4 Elastic constants of benzoyl glycine single crystals

The relationship of elastic constants to the measured mode velocities are listed in Table
6.1. Velocities of propagation of transverse and longitudinal ultrasonic waves along
different symmetry directions are also listed in the same table.

Table 6.1 Velocity of ultrasonic modes in BG crystals. L, T and QL represent
longitudinal, transverse and quasi-longitudinal modes respectively. The

relations between mode velocities and elastic constants are also given.

SL. - | Mode | Direction of [ Direction of | Measured Mode velocity -
No. propagation | polarization | mode velocity elastic constant
(m/s) relationship

1 L [100] [100] vi=2696+5 | Ciy=pvi’

2 L [010] [010] v=4235+8 Cyz = pVvy’

3 L [001] [001] v;=3189+6 Cy3=pvi

4 T [010] [001] v4=1041 £2 Caa = pv4’

5 T [001] [010] vs= 1033 £2 Cas = pVs’

6 T [100] [001] ve=1794 + 4 Css = pve’

7 T [001] [100] v=1784+4 Css = pv7’

8 T [100] [010] vg=229125 | Ces=pve’

9 T [010] [100] vg=2274 £ 5 Css = pVs’

10 QL [110] [QL] vig=3852£8 |Ciz=f®

11 QL L(011) [QL] vi=2988+6 | Ci=foc®

12 | QL L(101) [QL] vi=3146£6 | Ci3=fuc ©
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(@) fi= {[02 Cnt §? Cos-p Vloz} {cz Cost+ §2 Car-p VIOZ]/ czsz}uz_ Ces
(b) foe = {[C2 Cat S2 C44-p V1|2} {02 Cast 52 C33-p V112]/ 0252}1/2_ Caa
(©) fuc = {[s* Cii+ ¢* Css-p vi2’} {s? Css+ ¢* Caz-p V122 ¢*s%} - Css

(Here ¢ and s are the cosine and sine of the angle of rotation from the respective axes.)

The calculated values of second-order elastic stiffness constants, compliance constants
and Poisson’s ratios of BG are; listed in Table 6.2. Data listed in this table is sufficient
to evaluate the volume compressibility and bulk modulus of this crystal [6.17]. They
are evaluated and found to have values equal to 1.371x10'°m?-N"! and 7.29 GPa
respectively.

Table 6.2 Elastic stiffness constants, compliance constants and Poisson’s ratios of BG

single crystal at room temperature (300K)

Elastic stiffness constants | Elastic compliance constants | Poisson’s
(GPa) (x10"° m2-N") ratios

Ch= 9.33+0.019 Sii= 1.414+0.003

Cz=23.03 +0.046 S;= 0.498 +0.001 viz= 0.443
Ca3=13.06 + 0.026 Sy3= 0.955 +0.002 va1=0.156
Cas= 1.39 +0.003 Sa= 7.189 +0.004

Css= 4.13+0.008 Sss= 2.421 +0.005 v23=0.090
Ces= 6.7410.014 Sec= 1.484 +0.003 v32=10.172
Ci2= 4.95+0.050 Si2= -0.220 % 0.002

Cp3= 4.36+0.044 Sz3= -0.086 + 0.001 vi3=0.463
Ci3= 4.76 % 0.047 Si3= -0.442 + 0.004 v31= 0312

Also for demonstrating the anisotropy in elastic properties of this crystal, one can

generate phase velocity, slowness and group velocity surfaces from this data. Young’s
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modulus and linear compressibility are two other parameters of interest, which are also
direction dependent. The above data is sufficient to generate the Young’s modulus and

linear compressibility surfaces.

6.5 Temperature variation of elastic constants

The dependence of ultrasonic mode velocities on temperature have been measured by
keeping the crystal-transducer assembly in a temperature-controlled oven. Slight
variation in the surrounding temperature can produce shift in the position of one echo
relative to the other when viewed in the overlapped condition. The CW frequency
source has to be properly tuned to maintain the condition of perfect cycle-to- cycle
-matching of the overlapped echoes. This is ultimately a small change in the round-trip
travel time. Usually for materials which do not exhibit any anomaly or undergo any
phase transition, velocity and hence elastic constants gradually decrease as the
temperature is increased. The temperature dependence of the three diagonal elastic
constants C;j, C; and Cj; are shown in Fig. 6.4 (a). Ca4, Css and Ces also show a

similar dependence, which are shown in Fig. 6.4 (b).

6.6 Elastic anisotropy in BG crystals

In order to demonstrate the anisotropy in elastic properﬁes7 the phase velocity,
slowness and group velocity surfaces have been generated using a program written in
MATHCAD. Sections of these surfaces along the a-b, b-c and a-c planes are enough to
visualize the entire surface. Sections of the phase velocity surfaces along the a-b, b-c

and a-c'planes are shown in Fig. 6.5 (a), (b) and (c) respectively. The pure shear (PS),

130



24

L ““““““
0l nunnuuuuuu“.
—wl Cp
& 5
Q 18t
2 I
C =
5 16
o 1
S 14r Css
] - AAAAAAAA AA AL AL
S Ll MMMMMMMMMMA
= I
U—“J’ 10 | Cu
. | --II----II-----II---I
1 ] ! : * l ‘

300 320 340 360 380 400
Temperature (K)
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Fig. 6.5(c): Section of the phase velocity surfaces of BG along the a-c plane
quasi-shear (QS) and quasi-longitudinal (QL) modes are shown separately in these
figures. The shapes of these sections indicate the extent of anisotropy in the elastic
properties of this crystal.

The inverse velocity surface or slowness surface can give more information
regarding the elastic anisotropy. Figures 6.6 (a), (b) and (c) show the sections of the

slowness surfaces along the a-b, b-c and a-c planes respectively.
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Fig. 6.6(a): Section of the slowness surfaces of BG along the a-b plane
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Fig. 6.6(c): Section of the slowness surfaces of BG along the a-c plane.
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Group velocity surfaces can also be plotted to understand more about the
anisotropy in elastic properties of single crystals. It may be noted that wave
propagation, particularly the quasi-shear mode is highly anisotropic in this crystal.
Sections of these surfaces along the a-b, b-c and a-c planes are shown in Fig. 6.7 (a),
(b) and (c) respectively. The quasi-shear mode exhibits cuspidal edges along the
symmetry directions in the group velocity surfaces. Along these directions the phase
velocity and group velocity do not have a one-to-one correspondence and they are not
collinear. More than one group velocity vector correspond to a phase velocity vector
and the wave propagation is highly anisotropic in these directions. These features are

.reflected in the slowness surfaces also.
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_Fig. 6.7(a): Section of the group velocity surfaces of BG along the a-b plane
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Fig. 6.7(c): Section of the group velocity surfaces of BG along the a-c plane
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Eq.1.66 indicates that Young’s modulus is also a direction dependent
parameter. One can generate a surface by plotting values of the Young’s modulus for
all orientations. Sections of this surface along the a-b, b-c and a-c planes are shown in
Fig. 6.8. Young’s modulus along the b-direction is much larger than that along other
directions. This indicates that the strain that can be produced along the b-direction
applying stress is very small compared to other directions, indicating the presence of
very strong intermolecular forces of attraction in this direction.

Linear compressibility is also a similar direction dependent parameter for
which a surface can be generated. Sections of this surface along the a-b, b-c and a-c
planes have been shown in Fig. 6.9. Here also the compressibility of this crystal by the
.application of unit hydrostatic pressure along the b-direction is much lower compared

to the a and c directions.

6.7 Discussion and conclusion

N,N-dimethylformamide is found to be an ideal solvent for gfowing benzoyl glycine
single crystals from solution. The rate of evaporation is very small compared to other
organic solvents and hence one can control the spurious nucleation and other related
difficulties. Crystals of size nearly 70x25x8 mm’ have been grown over a period of
around 4-5 weeks. Since, a (100) and b (010) planes are totally absent in the grown
crystal, one must be extremely careful during the cutting of the crystals. The {110} set
of planes is well developed. The density of the crystal is measured to be 1284 kg-m>.
All the nine second order elastic constants of benzoyl glycine are reported for the first
time. Here Cy; is much larger than C;; and Cs; indicating that the intermolecular forces

along the b-direction is much stronger than that along the a and c directions.
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Fig. 6.8: Sections of the Young’s modulus surface of BG along
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Fig. 6.9: Sections of the linear compressibility surface of BG
along the a-b (xxx), b-c (+++) and a-c (000) planes.
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The dependence of the diagonal elastic constants on temperature, do not show
any anomaly in the range 300-375 K indicating the absence of any phase transition in
this temperature range. This crystal is not known to exhibit any phase transition in this
temperature range as already reported. Elastic constants C;;, C;; and Cs;, normally
called longitudinal elastic constants, depend more heavily on temperature compared to
the shear elastic constants, C4;;, Css and Cge [6.18). Thermal energy aids the lattice to
expand more in the direction of the applied linear stress which ultimately results in a
decrement in values of the elastic constants when applied stress is constant. The shear
strain is not significantly affected by the rise of temperature and hence dependence of
Cuaa, Css and Ces On temperature is less.

Benzoyl glycine crystals are stable up to its melting point and are non-
hygroscopic. It is very interesting to see the anisotropy exhibited in the elastic

properties indicating the presence of strong intermolecular forces of attraction along

the b-direction.

References.

6.1 N. Bloembergen, J. Nonlinear Opt. Phys. Mater. 15 (1996) 1

6.2 V. G. Dmitriev, G. G. Gurzadyan and D. N. Nikogosyan, Hand book of
nonlinear optical crystals (Springer Verlag, New York 1997)

6.3 N.J. Long, Angew. Chem. Int. Ed. Engl. 34 (1995) 21

6.4 J. Badan, R. Hierle, A. Perigaud and J. Zyss, Nonlinear optical properties of
organic molecules and polymeric materials, Am. Chem. Soc. Symp. Ser. 233
(ed) D. J. Williams (Am. Chem. Soc., Washington, DC 1993)

6.5 D.S. Chemla and J. Zyss (ed) Nonlinear optical properties of organic molecules

and crystals, Vol. 1 and 2 (Academic Press, New York 1987)

139



6.6 R. A. Hann and D. Bloor (ed) Organic materials for nonlinear optics (Royal
Society of Chemistry, 1989)

6.7 J. F. Nicoud and R. J. Twieg, Nonlinear optical properties of organic molecules
and crystals, Vol. 1, D. S. Chemla and J. Zyss (ed) (Academic Press, New York
1987) p. 264.

6.8 Xu Dong, Yuan Duo-rong, Zhang Nan, Hou Wen-bo, Liu Ming-guo, Sun Nuo-
ying and Jiang Min-hua, J. Phys. D: Appl. Phys. 26 (1993) B230

6.9 Heilmeier, G. H. Ockman, Braunstein and Kramer D. A., Appl. Phys. Lett. 5,
(1964) 229

6.10 Orlov R. Y., Sov. Phys.: Crystallogr. (Engl. Transl.) 11, (1966) 410

6.11 Gott]J. R, J. Phys. B4 (1971) 116

6.12 1. S. Rez, A. S. Sonin, E. E. Tsepelevich and A. A. Filimonov, Sov. Phys.:
Crystallogr. 4 (1960) 59

6.13 H. S. Nagaraja, V. Upadhyaya, P. Mohan Rao, P. Sreeramana Aithal and A. P.
Bhat, J. Cryst. Growth 193 (1998) 674

6.14 S. K. Kurtz and T. T. Perry, J. Appl. Phys. 39 (1968) 3798

6.15 H. Ringertz, Acta Crystallogr. B27 (1971) 285

6.16 J. R. Neighbours and G. E. Schacher, J. Appl. Phys. 38 (1967) 5366

6.17 J. F Nye in Physi;al properties of crystals (Oxford University Press, London,
1957)

6.18 Soon-Chul kim and T. H Kwon, Phys. Rev. B45 (1992) 2105

140



Chapter 7

Elastic properties of
di-Ammonium hydrogen citrate (DAHC)

single_crystals

7.1 Introduction

Many organic crystals having orthorhombic structure exhibit ferroelectric [7.1,7.2],
electrooptic [7.3], photoconducting [7.4] and triboluminescence [7.5] properties. The
ammonium salt of citric acid, di-Ammonium hydrogen citrate (DAHC) with chemical
formula C¢HsN,O7 and formula weight 226.19 has been reported to be piezoelectric
and triboluminescent [7.6,7.7]. This is a noncentrosymmetric crystal with
orthorhombic structure and space group Pn2b having lattice parameters a = 10.767 A,
b=14.736 A and c = 6.165 A and has four molecules per unit cell [7.8]. Good quality
single crystals of reasonable size can be grown quite easily by layering supersaturated
aqueous solution with ethyl alcohol. Alcohol absorbs water from the solution and
thereby supersaturation increases leading to the development of nuclei. It further grows

and thus small single crystals can be grown easily. Not much work has been reported
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earlier on characterization of this crystal. Crystal growth, defect characterization by
etching studies and dielectric properties of this crystal have been studied earlier by J.
George et al. [7.9]. The deformation and fracture characteristics of this crystal has also
been investigated by them employing microhardness indentation technique [7.10]. The
hardness, fracture toughness and brittleness of this crystal in the (001) and (110) planes
have been estimated for various ranges of load. It has a less prominent cleavage along
the (110) plane. The density of this crystal is measured to be 1383 kg-m™. Compared
to other organic crystals, this crystal is reported to be much harder (Hardness =
0.68GPa.) and the serious disadvantage of this crystal is its hygroscopic nature. The
elastic properties of this crystal has not yet been reported earlier in literature. A more
.detailed report on the growth and characterization of this crystal is available in
literature [7.9].

In this chapter we present the results of our work on the elastic properties of
DAHC measured using ultrasonic technique. Single crystals of DAHC have been
grown in the laboratory. All the nine second-order elastic constants of this crystal have
been determined by measuring ultrasonic (longitudinal and transverse) wave velocities
along symmetry directions. The phase velocity surfaces, Young’s modulus surface and
linear compressibility surface have been plotted to understand the anisotropy in wave
propagation in this crystal. Temperature variation of selected elastic constants have
been measured and reported. Details of the work are presented in the following

sections

7.2 Sample preparation

Large single crystals of DAHC have been grown by the slow evaporation technique.
The solubility of DAHC in water is very high and hence the slow evaporation

technique is the best method to grow large single crystals. Crystals of size nearly 60 x
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35 x 12mm’ have been grown by this technique over a period of 4-5 weeks. The
growth speed in the b-direction is very low and maximum along the a-direction. The
lattice parameters reported are according to the IRE standards [7.11] and hence can be
used to evaluate the inter-planar angles to identify the symmetry planes and directions
in the crystal. With the aid of an accurate contact goniometer, the inter-planar angles
were measured and the morphology of the crystal has been identified. The order of
preference of the growth planes can be represented observing their relative size as
(010) > (100) > (101) > (011). The molecular formula and morphology of the DAHC

single crystal are shown in Fig.7.1 and Fig.7.2 respectively.

0 LTS
NH4—0—C—C¢—(—(—C—0—NH,
Ho|on
C=0

OH

Fig. 7.1: Molecular formula of di-ammonium hydrogen citrate

Fig. 7.2: Morphology of di-ammonium hydrogen citrate single crystals
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Samples for ultrasonic measurements have been prepared in the shape of
rectangular parallelepipeds by cutting the grown crystal with a slow speed diamond
wheel saw. The well-developed growth planes have been taken as reference planes to
orient the crystal for proper cutting. Samples with parallel planes perpendicular to the
(100], [010] and [001] directions have been cut to measure velocities of propagation of
ultrasonic wave pulses of lonéitudina] and transverse polarisations, which can directly
yield all the six diagonal elastic constants. Three other samples with parallel planes
perpendicular to any one direction along the a-b, b-c and a-c planes are necessary to
determine Cy3, Cy3 and C;3. Samples with parallel planes perpendicular to the [110],
(011] and [101] directions (see Fig. 3.4 in chapter 3) have been prepared for this taking
care to attain as best parallelism between the opposite planes as possible. These planes

were lightly polished preserving the parallelism for accurate velocity measurements.

7.3 Ultrasonic velocity measurements

Twelve selected mode velocity measurements are sufficient to evaluate all the nine
second-order elastic constants of an orthorhombic crystal. Pulse modulated ultrasonic
waves are allowed to propagate through the crystal sample which leads to the
generation of a series of echoes of exponentially decreasing amplitudes. X and Y cut
quartz transducers of resonant frequency 10MHz bonded to the sample generates
ultrasound vibrations in the crystal and in turn functions as the detector to receive the
successively reflected echo pulses. Silicon grease serves as a good bond to fix the
transducer on the crystal surface and easily transfer the mechanical vibrations
generated by the transducer into the crystal medium. Pulse echo overlap technique
developed by May [7.12] and later modified to the present form by Papadakis [7.13]

have been used to determine the round trip travel time through the sample. A detailed
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account of the different techniques adopted to measure ultrasonic wave velocity is
available in literature [7.14] and is outlined in Chapter 2. Velocities of propagation of

the different modes are directly related to the second order elastic constants. A direct
relation of the form C; = pv’exists in the case of all diagonal elastic constants (i = )

and these modes are all pure modes. [110], [011] and [101] directions are mixed mode
directions and the velocities measured along these directions are related to more than
one elastic constant. The relationship between the elastic constants and relevant
ultrasonic wave velocities for orthorhombic crystals are available in literature [7.15]
and is summarized in Chapter 1.

McSkimin developed an analytical technique to eliminate the errors introduced
"in the measured travel times by the presence of the bonding medium between the
transducer and crystal and the incorrect identification of the condition of perfect match
by the visual examination of the overlapped echoes. This technique has been applied to

measure the round trip travel times with the maximum possible accuracy (Chapter 2).

7.4 Elastic constants of DAHC single crystals

Velocities of propagation of the different ultrasonic modes along different symmetry
directions and mode velocity-elastic constant relationship are tabulated in Table 7.1.
The corresponding elastic stiffness constants, compliance constants and Poisson’s
ratios are listed in Table 7.2. It can be seen that, the crystal does not exhibit any sort of
large-scale anisotropy in the elastic properties. The accuracy in the measured elastic
constants is estimated to be 0.2% in the case of diagonal elastic constants and around

1% in the case of off-diagonal elastic constants.
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Table 7.1 Velocity of ultrasonic modes in DAHC crystals. L, T and QL represent

longitudinal, transverse and quasi-longitudinal modes respectively. The

relations between mode velocities and elastic constants are also given.

SL Mode | Direction of | Direction of | Measured Mode velocity -
No. propagation . | polarization | mode velocity | elastic constant
(m/s) relationship
1 L [100] [100] vi=4240 + 8 Cn=pvi’
2 L [010] [010] v=4524+9 Ca = pv?’
3 L [001] [001] vi=4284 + 8 Ca = pvi’
4 T [010] [001] vi=226715 Cas = pVa’
5 T [001] [010] vs=2243 + 4 Caa = pvs°
6 T [100] [001] ve=2133 1+ 4 Css = pve
7 T [001] [100] v;=2135+4 Css = pv7*
8 T [100] [010] ve=2197 + 4 Ces = Vs’
9 T [010) [100] vo=2212 %4 Ces = Vo’
10 QL [110] [QL] vig=4129 £ 8 Ciz=fip®
11 QL [011] [QL] vi=4341 £ 8 Ca3 = foe ®
12 QL [101] [QL) viz= 4250 + 8 Ci3=foc ©
(@) fup = {[c? C11+ s? Cos-p Vio'} {c? Cest 5* Caa-p V1o’V c’s?} - Ces

(b) foc = {[c? Caa+ §? Cag-p v112} {c? Cast 2 Ca3-p v112)/ c’s?} - Cug

(€) fue = {[s? C11+ ¢? Css-p 12’} {s* Css+ ¢ Caz-p vi¥)/ ¢

2 2,172
S} -C55

(Here ¢ and s are the cosine and sine of the angle of rotation from the respective axes.)
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Table 7.2 Elastic stiffness constants, compliance constants and Poisson’s ratios of

DAHC crystal at room temperature (300K)

Elastic stiffness constants | Elastic compliance constants | Poisson’s
(GPa) (x 107" mz-N") ratios

Cn= 24.86_+.0.019' Sn= 5.46210.011

Caz= 28.30 +0.046 S22=  3.66 £ 0.007 vi2=0.157
Ci= 25.38+0.026 S;3=  5.28+0.011 v21=0.105
Ca= 7.10£0.003 Su= 14.08%0.028

Css= 629 +0.008 Sss= 15.90 1 0.032 v23=0.048
Ces= 6.6720.014 Ses= 15.00 0.030 vi32=0.069
Ciz= 4.78£0.050 S12= -0.576 + 0.005

Ci= 3.74%0.044 Sp3= -0.254 + 0.003 Vi3 = 0.497
Cis= 12.59 % 0.047 Si3= -2.625 + 0.026 v = 0.481

7.5 Temperature dependence of elastic constants

Dependence of ultrasonic wave velocities and hence elastic constants on
temperature have been studied by keeping the crystal-transducer assembly in a
temperature-controlled oven. Since no reports are available on the detection of a phase
transition or elastic anomaly in the temperature range 300-380K, study of only the
transverse wave modes is done for this crystal. Usually elastic constants C;;, C;; and
C;3 may depend heavily on temperature whereas Cas, Css and Ces depend less heavily

[7.16]. The temperature dependence of Cas, Css and Ceg is shown in Fig. 7.3.
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Fig. 7.3: Dependence of elastic constants Cas, Css and Cee on temperature

7.6 Elastic anisotropy in DAHC crystal

DAHC single crystals show less anisotropy in the elastic properties.
Longitudinal elastic constants Ciy, Cy and Ci3 have values, more or less same in
magnitude. Cyqq, Css and Cee also show the same nature. In order to demonstrate the
anisotropy in elastic properties, phase velocity, slowness and group velocity surfaces
have been plotted using compliance constant data. Sections of these surfaces along the
prominent symmetry planes are very useful to demonstrate anisotropy in elastic wave
propagation. The sections of the phase velocity surfaces along the a-b, b-c and a-c
planes are shown in Fig. 7.4(a), (b) and (c) respectively. The three modes - pure shear
(PS), quasi-shear (QS) and quasi-longitudinal (QL) - are shown by separate plots.
Elastic anisotropy in large-scale is not exhibited by this crystal. Slowness or inverse
phase velocity surfaces are highly informative. Sections of these surfaces along the

symmetry planes a-b, b-c and a-c are shown in Fig. 7.5(a), (b) and (c) respectively.
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Fig. 7.4(a): Section of the phase velocity surfaces of DAHC along the a-b plane.
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Fig. 7.4(b): Section of the phase velocity surfaces of DAHC along the b-c plane.

149



Phase velocity (km/s)

Phase velocity (kav's)

Fig. 7.4(c): Section of the phase velocity surfaces of DAHC along the a-c plane.
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Fig. 7.5(a): Section of the slowness surfaces of DAHC along the a-b plane.
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Fig. 7.5(c): Section of the slowness surfaces of DAHC along the a-c plane.
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The three modes - pure shear (PS), quasi-shear (QS) and quasi-longitudinal (QL) - are
shown by separate plots. The quasi-shear mode shows some anisotropy, which is clear
from the shape of the curve.

Velocity of propagation of the modulation envelope called the ray velocity is
the velocity with which energy propagates. The corresponding ray velocity vector need
not be collinear with the phase velocity vector. The surface generated by plotting ray
velocity for all directions can reveal more interesting aspects of the anisotropy in
elastic properties of a crystal. Fig. 7.6(a), (b) and (c) show sections of these surfaces
along the symmetry planes a-b, b-c and a-c respectively. It may be noted that the group
velocity surfaces for the quasi-shear mode exhibit cuspidal edges along the [110],
[011] and [101] symmetry directions indicating that in these directions a, one-to-one
correspondence between phase velocity vector and group velocity vector does not
exist. A phase velocity vector in these directions corresponds to more than one group
velocity vector. One can expect very interesting phenomena such as conical refraction,

phonon magnification etc., to occur in these directions [7.17,7.18].
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Fig. 7.6(a): Section of the group velocity surfaces of DAHC along the a-b plane
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Young’s modulus [7.19] E in any direction in a crystal can be given as
4 2 2 2 2 4 2.2
E=(S,n +2S,n"n,” +28,;n n,;" +8S,,n,” +25,,n,°n," +
q 2.2 2 2 2241
Syhy +Suny ny" +Sgsn " ny +Sn"n,")
Direction cosines, n,, n, and n, in the expression for Young’s modulus E indicate that

it is a direction dependent parameter. The strain produced in any direction in the crystal
will be different in magnitude for the same longitudinal stress applied in one direction.
Anisotropy in the elastic properties of a crystal can be demonstrated by plotting the
Young’s modulus surface. Sections of this surface along the symmetry planes a-b, b-c
and a-c are plotted in Fig. 7.7. Young’s modulus is minimum in the a-c plane.

Linear compréssibility [7.19] B is also found to be a direction dependent

parameter, since direction cosines n,,n, and n, are present in the expression for f3 (Eq.

1.74). The linear compressibility surface can be easily generated from the elastic
compliance data. For a better understanding of the direction dependence of linear
compressibility, sections of this surface along the a-b, b-c and a-c planes have been
drawn and are shown in Fig. 7.8. It can be noted that these curves are almost circular in
shape. The crystal exhibits more or less isotropic behavior in its elastic properties.
Expressions for volume compressibility and bulk modulus are available in
literature [7.19]. Volume compressibility of DAHC single crystal is evaluated to be

equal to 0.75 x 10" m2-N"! and its bulk modulus works out to be 13.34 GPa.
7.7 Discussion and conclusion

Growth of single crystals of DAHC from the aqueous solution is rather difficult

because of its very high solubility. Even the filtering of the solution is not so easy.
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Clear transparent single crystals of size nearly 60 x 35 x 12 mm® have been grown over
a period of about five weeks.

Longitudinal elastic constants Cy;, C;; and Cs3 relate longitudinal stress to
longitudinal strain. Thermal energy can enhance lattice expansion and hence the
magnitude of the strain produced for a given stress can be more at higher temperatures.
Correspondingly the elastic constants gradually decrease as the temperature is
increased. The shear constants Css, Css and Cg¢ need not show such a pronounced
dependence because the shear strain is practically not much affected by change in
temperature. DAHC single crystal does not exhibit any elastic anomaly or sudden
change in the temperature range 300-350K indicating that there exist no phase
transitions in this range of temperature. Dependence of only the shear constants (Caa,
Css and Cg) on temperature are studied here.

Very precise control of temperature is essential for the growth of single crystals
of DAHC. Large good quality transparent single crystals have been grown from
supersaturated solution by the slow evaporation technique. All the nine second-order
elastic constants of this crystal have been determined for the first time. Anisotropy in

elastic wave propagation in this crystal have been studied and reported.
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Chapter 8

Summary and conclusion

A variety of single crystals find application in several technological fields. Of late
newer and newer materials are synthesized to test the suitability of these crystals for
varipus technological applications. Nonlinear optical crystals are a new class of
materials, which are suitable to generate second harmonic of optical radiation and
many related applications. A long list of organic, inorganic and semiorganic or
organometallic class of materials synthesized is available in literature. Growth of
single crystals of these materials with required dimensions and purity is a challenging
task. The physio-chemical characterization of these crystals is essential to assess their
suitability in device fabrication. Mechanical properties such as microhardness, elastic
properties and resistance to laser induced damages have to be studied prior to device
fabrication.

Five different single crystals having orthorhombic structure have been grown in
bulk form for the investigations presented in this thesis. These crystals are either
nonlinear optical or semiorganic in nature. All the nine second-order elastic constants
of all these crystals have been determined for the first time. Sodium p-nitrophenolate
dihydrate (NPNa), hippuric acid or benzoyl glycine (BG) and zinc tris (thiourea)
sulphate (ZTS) single crystals are potential nonlinear optical crystals. Growth

conditions for growing bulk crystals have been optimized. Crystals of reasonably good
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size have been grown by the solution growth technique. Crystallographic directions
and growth planes have been properly identified by measuring inter-planar angles
using an accurate contact goniometer and are compared with values evaluated from
crystallographic data. Laboratory axes (X, y, and z) have been fixed according to the
IRE standards before cutting the single crystal. As per this convention x is taken
parallel to a, y is taken parallel to b and z is taken parallel to ¢ where the condition ¢ <
a < b is satisfied. Twelve selected ultrasonic mode velocity measurements have been
carried out in all cases to evaluate all the nine second-order elastic constants. Poisson’s
ratios, volume compressibility and bulk modulus have been evaluated for all these
crystal samples.

Dependence of the diagonal elastic constants on temperature have been studied
in all cases. It is found that the dependence of the longitudinal elastic constants C,j,
C,; and Cs; on temperature is more compared to the shear elastic constants Cas, Css
and Cgs. Reasons for this behavior are out lined in the thesis. None of these crystals
exhibit any anomaly in the elastic properties in the range of temperature over which
measurements have been carried out. These samples have not been reported to exhibit
any kind of phase transition in this range of temperature, and our measurements
confirm this.

Demonstration of the anisotropy in the ultrasonic (elastic) wave propagation
characteristics of these crystals have been done by plotting surfaces of phase velocity,
slowness or inverse velocity and group velocity or ray velocity. Sections of these
three-dimensional surfaces along the a-b, b-c and a-c planes have been drawn for better
clarity. Deviation from perfect circular shape indicates anisotropy in elastic wave
propagation. It is found that elastic anisotropy is more pronounced for the quasi-shear

mode, which is the general behavior exhibited by most crystals.
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Inverse velocity (slowness) surfaces are also very informative. In some aspects,
the group velocity surfaces are also more informative. The formation of cuspidal edges
has been found in few crystal samples, which is an interesting phenomenon. The ray
velocity (or group velocity) need not be collinear with the phase velocity vector and
there need not have a one-to-one correspondence between these two. The significance
of the formation of cuspidal edges in these crystals has been explained in relevant
chapters.

Young’s modulus and linear compressibility are two other important direction
dependent parameters. Surfaces generated by plotting these values for all orientations
in the crystal sample can demonstrate the anisotropy in the elastic properties of a
crystal better. Sections of these surfaces along the a-b, b-c and a-c planes are shown for
all these five single crystal samples. The extent of deviation from perfect circular
shape determines the anisotropy in the elastic properties of a crystal. Single crystals of
benzoyl glycine and NPNa exhibit marked anisotropy in their elastic properties.

Large number of new materials have been synthesized recently which are
reported to be nonlinear optical crystals. Efficiency for second harmonic generation
(SHG) in most of these cases is very high compared to, the well-characterized KDP
crystals. Reports are available on the synthesis, growth of single crystals and
crystallographic data on many crystals. It is very important to investigate their elastic
properties before they are put into any use. Thiourea is one such sample, which has the
ability to form a variety of complexes with other compounds and hence there is plenty
of scope for work in this line. Single crystals of these materials are usually grown from
supersaturated solution by the slow evaporation or slow cooling techniques. Well-

developed growth planes are very advantageous in orienting the crystal.
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AMA, m-chloronitrobenzene, m-bromonitrobenzene, POM, NPP etc. are some
of the very important NLO crystals grown from solution. L-histidine tetrafluoro borate,
bis(thiourea) cadmium chloride, L-argenine flouride, zinc thiourea chloride, CsGeCls
etc. are some of the recently reported NLO crystals. The elastic properties of these and
many other important crystals have not been studied so far. There is lot of scope for
doing very important and useful work in this direction.

It would be interesting to extent ultrasonic measurements on nonlinear optical
crystals to low temperatures. From a basic, research point of view it would be very
valuable to measure variations in elastic properties with applied electric field in these
crystals. These measurements will give interesting information about electro-acoustic

(phonon) interactions. There is lot of scope for doing front line research in this area.
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