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Preface

In the modem world, the development of science & technology in many areas

has been achieved through the growth of single crystals. Large sized single crystals

are essential for device fabrication and efforts are taken to grow large single crystals

in short duration with less cost.

The search for efficient and new materials in which to carry out

investigations on non linear optical processes has been very active since the

discovery of second harmonic generation (SHG) in quartz crystal by Franken and his

eo-workers in 1961.

Nonlinear optical (NLO) materials are expected to play a major role in

photonics including optical information processing, sensor protector applications,

data storage ... etc. Some organic compounds exhibit large NLO response, in many

cases, orders of magnitude larger than widely known inorganic materials. They also

offer the flexibility of molecular design and the promise of virtually an unlimited

number of crystalline structures. In this stimulating context, organic nonlinear

materials have been recognized as forefront candidates for fundamental and applied

investigations involving, in a joint effort, chemists, material scientists and optical

engineers.

The database for nonlinear optical properties of materials, particularly

organic, is in many cases inadequate for determining trends to guide synthesis

efforts. Materials found in non-centrosymmetric, or acentric crystal classes, i.e.

crystal classes lacking a center of inversion, can exhibit a variety of technologically

important physical properties. Only a few molecules with large hyperpolarizability

(y) values crystallize in noncentrosymmetric structures, and a limited number of

them are useful as NLO materials. There are crystals with large y values and non

centrosymmetry, but many of them do not have mechanical strength, thermal and air

stability and perfection necessary for device fabrication.

Hence in the present work, more focus is given to the studies on the non

linear optical properties of organic single crystals.



The thesis entitled "Investigations 011 the growth and characterisation of

some technologically important single crystals for possible nonlinear optical

applications" consists of seven chapters.

Chapter 1 is an introduction to crystal growth and nonlinear optical

phenomena. The importance of crystal growth in material science and the various

techniques of crystal growth are discussed. Various types of defects and

imperfections that get incorporated into the crystal lattice during growth are

considered. Salient features of the .nonlinear optical phenomena relevant to the

present work are also addressed.

Chapter 2 deals with the fundamental theories of crystal growth and

nonlinear optics that are central to the thesis.

Chapter 3 provides a brief description of the experimental techniques

employed in the characterisation of grown crystals. These techniques include

structural characterisation by powder X-ray diffraction and elemental analysis by

EDAX and CHN analysis. The presence of noncentrosymmetry and the various

functional groups are confirmed by FTlR and FT Raman vibrational spectral

analysis. The optical transparency window, optical band gap and the linear optical

constants are elucidated using UV/VisINIR absorption spectroscopy. Thermal

characterisation of the grown crystals is done by using TGA/DTA and differential

scanning calorimetry (DSC). Temperature dependence of the specific heat Cp is

analysed using ratio method. Applications of optical microscopy and SEM to analyse

the crystal surface are also discussed. Chemical etching technique to reveal the

growth mechanism and dislocations present in the crystal is described in detail.

Determination of the dielectric properties by microwave cavity perturbation

technique in the S band is explained. Second harmonic generation in the grown

crystals is studied by Kurtz and Perry technique. Techniques to investigate the

photoluminescence and the laser damage threshold of the grown crystals are also

explained in this chapter. Determination of the third order NLO properties of the

crystals by Z scan technique is also briefly discussed.



Chapter 5 deals with the growth of single crystals of Glycinium oxalate

(OLO) by solution evaporation technique and the various methods employed to

characterise the crystal for possible nonlinear optical applications.

Chapter 6 gives a detailed account of the studies conducted on the growth

and characterisation of single crystals of the charge transfer complex Laevo alaninum

oxalate (LAO) grown from the precursors L alanine and oxalic acid by top seeded

solution growth technique at ambient temperature.

The details of the growth of potassium hydrogen phthalate also known as

potassium acid phthalate (KAP) single crystals by floating seed technique and also

by sodium meta silicate gel growth method are inc1uded in chapter 6. This chapter

also gives an account of the various charecterisation techniques employed to evaluate

the prospects of this material for NLO applications.

Chapter 7 gives a summary of the important outcomes of the present

investigations. It also gives a comparative assessment on the prospects of the three

single crystals investigated in the present work, glycinium oxalate, 1- alaninium

oxalate and potassium hydrogen phthalate, for possible non linear optical

applications. The scope for future investigations on these materials is also

highlighted in this chapter.
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INTRODUCTION

This chapter gives a general introduction to the subject matter

contained in the thesis. It deals with the general aspects related to

the growth and structural properties of single crystals, and the

general ideas related to the nonlinear optical properties of single

crystals.

1.1 A BRIEF HISTORY OF CRYSTAL GRO\VTH

"Who dominates materials dominates technology:' The ability to dominate

materials requires an in-depth knowledge of the science and technology of crystal

growth since crystals; especially single crystals have increasingly become a vital

necessity in modern technology. Crystal growth is a universal phenomenon in the

field of materials. It has a long history of evolution from "a substance potting art" to

a science in its own right which was accelerated by the invention of the transistor in

1948, and the subsequent need for high purity semiconductor single crystals. As a

result crystal growth has developed into a core discipline in materials science.

The evolution of our knowledge of crystal growth requires not only scientific

understanding, but the driving force of applied technology which so often provides a

significant influence in highlighting our lack of scientific knowledge and the need for

a more refined science and indeed the development of new concepts.

Crystals arc the unacknowledged pillars of modern technology. Crystal

growth can be regarded as an ancient subject, owing to the fact that the

crystallization of salt and sugar was known to the ancient Indian and Chinese

civilizations. The subject of crystal growth was treated as part of crystallography and

never had an independent identity until the last century. The fundamentals of crystal
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growth were entirely bestowed upon the morphological studies of the naturally

occurring crystals. Thus began the scientific approach for this subject during the 1i h

century by Kepler, followed by quite a few others like Nicolous Steno, Descartes,

Bartholinus, etc. This type of morphological study slowly led to the understanding of

the atomistic process of crystal growth. Recent bursting research on nanostructured

materials depends on the crystal growth theory and technology. In the early 20th

century, crystal growth evolved as a separate branch of science and several theories

from Kossel, Donnay-Harker, Volmer and Burton, Cabrera and Frank (BCF), etc.,

were proposed. Although the science of crystal growth originated through the

explanations of Nicolous Steno in 1669, the actual impetus to this field began after

the BCF theory was formulated and also when there was a great demand for crystals

during World War n.

1.2 TECHNIQUES OF CRYSTALS GROWTH

The discovery of new properties and applications may be said to be directly

related to the availability of a large range of single crystals. The demand for large

ancl perfect single crystals for devices, initiated a search for understanding the basic

parameters involved in the process of crystal growth. This resulted in considerably

improving the technology of providing highly perfect crystals. This section deals

with the techniques of crystal growth currently employed.

1.2.1 Growth from melt

Growth from melt is by far the fastest of the growth methods, as its rate does

not depend on mass transport process. In principle, the crystals of all materials can he

obtained from melt, provided they melt congruently, they do not decompose before

melting and they clo not undergo a phase transformation between the melting point

and room temperature [ 14-16].

(a) Czochralski Method

In this method the melt is contained in a crucible. A seed fixed to a holder is

brought into contact with the melt and after equilibrium is reached, the seed is pulled

along with rotation during growth. Rotation of seed and crucible are employed to
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optimise compositional and thermal homogenization of the melt and to control the

geometric configuration of the crystal. Growth is generally carried out in controlled

atmosphere or in vacuum. This method is widely used in silicon industry. Numerous

other materials including oxides such as sapphire and ruby can be grown by this

method [11- 13].

The major advantages of this method are (l) growth from a free surface

accommodates the volume expansion associated with solidification of many

materials such as semiconductors (2) complications that may arise due to wetting of

the container by the melt is eliminated (3)Iarge single crystals can be obtained at high

speeds(4) high crystalline perfection can also be achieved(5) the method is

convenient for doping(6) during growth the desired ambient atmosphere can be used,

controlled and changed. However, thc mcthod does not lend itself readily to the

growth of materials whose vapour pressure or that of one of their constituents is high

at the melting point. The requirement for a crucible in Czochralski growth introduces

the possibility of contamination of melt.

(b) Normal Freezing and Zone Melting

In the normal freezing method, the charge is contained in a closed container

which can be mounted horizontally or vertically. A boat can also be used as a

container. If a seed is not used, the entire charge is melted, solidification is initiated

and the solid - melt interface is advanced horizontally by moving the container

through a furnace with appropriate thermal gradients or by moving the furnace past

the container. The interface can also be advanced by controlled power reduction. For

obtaining specific orientation, a seed is commonly used at one end of the container.

Single crystals with a preferred orientation are usually grown using a container with

a tapered end. Vertical normal freezing, by advancing the growth interface upwards

yields better crystals in some cases. Normal freezing methods are extensively used

for growing single crystals of materials with volatile constituents [17].

In zone melting a molten zone is established at one end of the charge and is

advanced by moving either the container or the furnace. By this method a
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homogenous distribution of impurities can be achieved. Zone melting is best known

as a purification method [19].

Directional solidification methods are simple and versatile. The vapour

pressure of volatile constituents can be easily controlled in directional solidification

methods [12, 15]. Growth can be carried out in evacuated and sealed containers.

Shape and size of the crystal can also be controlled. Furthermore, growth can be

carried out under stabilized thermal gradients which minimise convective

interference in growth. The confining in these methods presents some limitations.

When volume expansion is associated with solidification, pressure can be exerted to

the growing crystal leading to high densities oflattice defects.

(c)Float - zoning

Float - zoning is essentially zone melting in a vertical configuration without a

container. The zone is sustained by surface tension forces. Thus this method is

suitable for materials with high surface tension and low density [17, 20]. The earliest

of the crucible less technique is the Vcrncuil technique, where, a molten zone is

formed on the top of the seed crystal with an oxygen hydrogen flame and to this

zone, powder of the material is fed and growth proceeds by lowering the seed.

The unique advantage of float-zoning is the elimination of the melt container

which reduces contamination. The instrumentation for float zoning is relatively

simple for small diameter crystals. This method cannot be used for the growth of

materials with high vapour pressure or of materials with volatile constituents.

1.2.2 Growth from Solution

In this process, a saturated solution of the material in an appropriate solvent is

used, from which crystals grow after the solution is supersaturated by lowering the

solution temperature. Solution growth is generally simple and inexpensive. Materials

which melt incongruently decompose before melting or undergo a phase

transformation between the melting point and room temperature, are grown from

solutions. The methods of solution growth are usually classi fled according to the type
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of the solvent used. They are mainly aqueous - solution, molten - salt (flux), metallic

solution and hydrothermal growth.

1.2.2.1Aqueous solution growth

The method rests on obtaining supersaturation without inducing spontaneous

nucleation so that growth can proceed on the seed. Supersaturation can be achieved

either by evaporation of the solvent or by decrease of the solution temperature. The

method is often simple and inexpensive. It can lead to good quality crystals and lends

itself to continuous operation. The growth can be visually inspected. The method is

slow and has thus limitations for industrial production.

Low temperature aqueous solution growth can be subdivided 111 to the

following methods.

• Slow cooling method

• Slow evaporation method

• Temperature gradient method

a) Crystallization by SIOlV cooling method

This is the best method among others to grow bulk single crystals from

solution. In this method, supersaturation is produced by a change in temperature

throughout the crystallizer. The crystallization process is carried out in such a way

that the point on the temperature dependence of the concentration moves into the

metastable region along the saturation curve in the direction of lower solubility. The

supersaturation requires systematic cooling and it is achieved by using a thermo

stated crystallizer. The temperature at which such crystallization begins is usually

within the range 4S-7S()C and the lower limit of cooling is the room temperature.

b) Crystallization by solvent evaporation

In this method, an excess of a given solute is established by utilizing the

difference between the rates of evaporation of the solvent and the solute. In contrast

to the cooling method, in which the total mass of the system remains constant, in
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solvent evaporation method, the solution loses particles, which are weakly bound to

other components and the volume of the solution decreases. The vapour pressure of

the solvent above the solution is higher than the vapour pressure of the solute and the

solvent evaporates more rapidly and the solution becomes supersaturated. This is the

oldest method of crystal growth and technically, it is very simple. Typical growth

conditions involve temperature stabilization to about ±O.OOSoC and rates of

evaporation of a few mm3/hr.

(e) Temperature gradient method

This method involves the transport of the material from a hot region

containing the source material to be grown to a cooler region where the solution is

supersaturated and the crystal grows.

Temperature -diffcrence methods are based on the formation of two regions

with different temperatures in the crystallizer. In one of them, the substance which is

always in the form of the solid phase is dissolved, and in the other crystal growth

takes place. In the simplest version a tall vessel is used, with its lower part containing

the nutrient and its upper part the suspended seed. The temperature in the lower part

is kept higher than in the upper part. This results in convection of the solution, which

ensures continuous upward movement of the substance into the growth zone. This

arrangement is used in the hydrothermal growing of crystals. In growth from low

temperature aqueous solutions, t\VO vessels connected by tubes are usually employed.

The substance is dissolved in the vessel with the higher temperature and the crystal is

grown in the other. The exchange between the vessels is achieved hoth by natural

convection of the solution and by stirring with a mechanical agitator. At the

beginning of the experiment, an equal temperature is set up in hoth vessels and

maintained until the solution is completely saturated. Then the solution in the growth

vessel is heated by a few degrees, and a seed is introduced. The vessel is held at this

temperature for a short period ancl then cooled until the required temperature

difference is established between the two volumes.

The main advantages of the method are:

o Crystal grows at fixed temperature
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o This method is insensitive to changes in temperature, provided both the

source and the growing crystal undergo the same change.

o Economy of solvent and solute.

1.2.2.2 Flux Growth

In this method molten salts are used as solvents. For oxides and solid

solutions of oxides, which have very high melting points and/or decompose prior to

melting these are the only satisfactory solvents. Molten salts of such composition

should be contained in platinum or iridium crucibles. Growth from molten salts is

obtained by decreasing the temperature of a saturated solution to acquire

supersaturation. Seeds are commonly used and these can be withdrawn before the

solution is solidified.

Flux growth is carried out at much lower temperatures than corresponding

growth from melt. A distinct advantage of the method is that this is the only method

for obtaining certain oxide solid solutions. However nux growth is very slow and

requires precise temperature control. The purity of the crystals grown by this method

is often marginal. Flux growth is an expensive technique.

1.2.2.3 Metallic Solution Growth.

Single crystals of metallic phases and inorganic compounds are readily

obtained by solidification of saturated metallic solutions. Diamonds are being

commercially prepared from transition-metal solutions under high pressure. Growth

from metallic solution is now widely used for preparation of high quality epitaxial

layers and solid solutions of III-V compounds.

In the case of semiconductors the crystalline perfection attained by liquid

phase epitaxy (LPE) is better than that by melt growth. The thickness of LPE layers

can be controlled to within several hundred angstrom units. The limitations of this

method are that the growth is slow and is limited to small crystals or relatively thin

layers. The purity of the crystal is limited by the purity of the solvent.
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1.2.2.4 Hydrothermal growth

Introduction

The technique is basically the same as the aqueous solution growth at

elevated temperatures and pressures. The method is primarily used for the growth of

large high quality quartz crystal used for piezoelectric applications. Crystals of any

metal, their oxides and other components, which may be soluble in water only at

high temperature and high pressure can be grown using this method

In the growth of quartz, a-quartz nutrient is used in an autoclave containing

aqueous solution of a base (NaOH). Growth is carried out at about 40000C and

pressure of 2000bars. In the hydrothermal method, the major disadvantage stems

from the requirement of autoclave at elevated temperatures and pressures. Besides,

considerable period of time is required for growing large crystals.

1.2.3 Growth from vapour

Bulk crystals as well as thin layers arc prepared from vapour phase. Since

gases can in general be obtained at very high purity and high purity conditions can be

maintained during gaseous processes, vapour phase growth can lead to high purity

crystals. The method is extensively used for the growth of high quality thin layers of

materials such as Si, II-VI and III-V compound semiconductors; layers of metals

and other inorganic compounds can be prepared from the vapour phase. Growth ham

the vapour phase can be obtained without involving chemical reactions [23-25].

When chemical reactions arc involved they can be irreversible or reversible.

Successful growth from vapour phase requires knowledge of the thermodynamic

equilibrium among the reacting vapour constituents whieh may involve species other

than the initial species. The kinetics of vapour growth is critically dependent on the

concentration or the diffusion of the desired reacting species. The transport and/or

equilibrium of the species are often controlled by the use of carrier gases.

In the irreversible reactions the reactants are brought into contact with the

seed material at the appropriate temperature and pressure of the reaction. Where the

products are not recycled an open tube arrangement is usually employed. This

method is widely used in the preparation of Si layers. The thickness and doping level
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of the layers is readily controlled and very high purity materials are obtained by this

process. But the process is slow.

In the reversible reaction, the solid material can be brought into the vapour

phase and then reformed under controlled conditions by reversing the direction of the

reaction. Epitaxiallayers of Ill-V compounds and solid solutions of these compounds

are prepared by employing appropriate reversible reactions [26].

This is a method with which single crystals and epitaxial layers of high

chemical purity and crystalline perfection can be obtained. The thickness and the

doping of the layers can be closely controlled and the process can be recycled. But

since the growth is slow, the method is not practical for bulk single crystals [27].

1.2.4 Gel growth

Gel growth is an alternative technique to solution growth with controlled

diffusion and the growth process is free from convection. The growth of single

crystals in gel is a self -purifying process. free from thermal strains whish are

common in crystals grown from the melt.

Solutions of two suitable compounds which give rise to the required insoluble

crystalline substance by mere chemical reaction between arc allowed to diffuse into

the gel medium. This method can also be found useful for growing crystals from the

solutions of substances having very high solubility.

Based on the nature of physical changes and chemical reactions involved in

the growth process, gel method can be classified into four categories [33-37].

• Chemical reaction method.

• Chemical reduction method

• Solubility reduction method

• Complex dilution method.
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1.2.4.1 Chemical reaction method

Introduction

Two different methods are employed m the chemical reaction gel growth

experiments. They are

Single diffusion method and Double diffusion method

(a) Single diffusion Method

In this method, one of the components either AX or BY which is highly

soluble in water and chemically inactive with the gel is impregnated in the acidified

gel medium (known as inner reactant). After the gelation, the other component

solution (known as outer reactant) is taken over the set gel. This solution on diffusion

through gel medium reacts with the inner reactant and yields the crystal. At the same

time, during the chemical reactions, some other compounds are being formed such as

XY which is highly soluble in water and dissolve in water present in the hydro gel

medium.

(b) Double diffusion method

Double diffusion principle IS used when both the reactants are found

chemically reactive with the hydro gel or found insoluble in water. Because of the

diffusion, the two components can meet each other at the common region of the

medium, normally the bent portion of the U tube. Then they react chemically without

vigorous chemical effects allowing the formation of crystals in gel.

The major factors that control the nucleation and growth ofcrystals are the

concentration of the feed solution, the pH of the gel, aging of the gel and the gel

density. The optimum values of the various parameters for a particular material arc

found out by trial and error.

Since the crystals in gel medium arc usually grown at room temperature it

will have lower concentration of non-equilibrium defects than those grown at

elevated temperatures. The crystals can be observed at all stages of growth. The

solute concentration at the growth boundary is self regulating in accordance with the

needs of the growth process since the crystals are grown by diffusion. The gel

[DJ
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medium provides unconstrained support for the growing crystal. The disadvantages

of this method are the slow growth rate, which is essentially diffusion limited, the

inability to control the nucleation, and the relatively small sizes of the crystals

obtained.

1.2.4.2 Chemical reduction method.

Metals are grown by this method. The metallic complex is taken along with

the SMS solution and is reduced by means of diffusion by a proper reducing agent

into the gel. Slow reduction results in the formation of metallic crystals. For the

growth of copper crystals, copper sulphate is incorporated into the gel. The reducing

agent of hydroxylamine or hypo phosphoric acid poured over the set gel. Crystal of

copper, nickel, cobalt, gold ... etc has been grown by this method [38].

1.2.4.3 Solubility reduction method

This method is employed for the growth of water soluble substances. The

substance to be grown is dissolved in water and incorporated with the gel forming

solution. After the gelation, a solution which reduces the solubility of the material is

added over the set gel to initiate crystallisation. Potassium dihydrogen phosphate

crystals have been grown by this method by adding ethyl alcohol over the gel

containing a saturated solution of KDP [39].

1.2.4.4. Complex dilution method

A chemical complex of the material to be grown IS prepared with a

complexing agent and then allowed to diffuse into a gel, free of active reagents.

Decomplexion is achieved by steadily increasing the dilution and this leads to the

higher supersaturation necessary for the crystal growth. Annington used this

method for growing cuprous chloride crystals. Cuprous chloride is complexed with

hydrochloric acid and then allowed to diffuse into a gel with Hel and free of other

active reagents. Deeomplexing sets in with increasing dilution leading to high

supersaturation of cuprous chloride.
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1.3 DEFECTS IN CRYSTALS

Introduction

Most of the solid materials exist In crystalline form, Crystals are

distinguished by their periodic highly symmetric structures. The word 'defect'

indicates a disturbance or imperfections.

The defects in a real crystal may be divided into chemical defects and lattice

defects [40- 44]. These defects can be divided into the following categories

according to their dimensional nature as

a) Point defects b) Line defects c) plane defects d) volume defects.

1.3.1 Point Defects

If the deviation from a periodic arrangement is localized to certain points

within crystal lattice, it is called point defect. The point defects (fig. 1.8 & 1.9) in the

crystal produce strains nearby but do not affect the long range order of the crystal.

I. Schottky Defects

Regular lattice sites are vacant. Lattice particles have migrated to the surface

and have left their sites unoccupied. These defects arc also called Schottky defects.

2. Interstitials

Lattice particles have moved from their regular sites, leaving vacancies

behind, to interstitial positions in the lattice. The combination of an interstitial and a

vacancy is called Frenkel defect.

1.3.2 Line Defects

Line defects are lattice imperfections along closed lines or open lines which

end at the crystal surface. The crystal structure is disturbed around these lines in a

volume whose radial extension is of the order of about one atomic separation. These

one dimensional lattice defects are called dislocations. The geometry of dislocation is

generally complex: however, it can be regarded as a combination of two special
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types, the edge dislocation and the screw dislocation [45, 46]. They will be described

in the following.

i) Edge Dislocation

A lattice plane which ends inside the crystal will strongly distort the lattice

along its boundaries. The edge of the lattice "half' plane is dislocation line. Near it

the environment of the lattice particle is di fferent from that in the undisturbed crystal

and the lattice forces are therefore changed.

i) Screw Dislocations

The lattice planes perpendicular to certain directions are degenerated into

forming a single connected screw surface. The screw axis is the dislocation line; near

it the lattice is strongly distorted.

Edge dislocation and screw dislocation are depicted in fig (1.5) and fig (1.6)

respectively.

A dislocation line cannot end in the interior of a crystal. It must close on itself

or end at another defect; outer surface, grain boundary or node formed with other

dislocations. The displacement which defines the dislocation has the same value

along its whole length.

1.3.3 Planar Defects

Two dimensional lattice defects (planar defects) are surfaces inside the

crystal at which the periodic structure is disturbed. We distinguish essentially two

types which may occur also in combination.

i) Grain Boundaries

The orientation of the crystal on one side of the surface is different from that

on the other. A grain boundary may be considered to bc a series of dislocations. A

simple case is shown in figure 1.7, where the difference in orientation is small and

where the grain boundary can be represented as a series of edges dislocations.
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ii) Stacking Faults

Introduction

Two lattice planes are mutually shifted by a vector which is not a lattice

vector. Stacking faults are particularly marked in crystals with close packing. Such

crystals are considered as constructed of plane layers of equally large spheres

arranged as densely as possible. The spheres of one layer lie in the depressions of the

lower layer. There are two possibilities of placing the layers upon each other.

The spheres of the third layers have the same positions as those of the first

layer. The positions being characterized by the letters A, B, C the layer sequence can

be described by ABABA ...... This is the hexagonal close packing of spheres; the

hexagonal axis is normal to the densest layers.

The spheres of only the fourth layer have the same positions as those of the

first layer. The sequence of layers is thus A8CABCABC .

1.3.4 Volume Defects

Volume defects can be produced due to foreign particle inclusion, large voids

or pores or means of non - crystalline regions having a dimension of at least a few

tenths of angstrom. These have important effects on the properties of crystalline

solids [48].

1.4 DETECTION OF DEFECTS IN CRYSTALS

The increasing demand of crystals of better perfection for in the fabrication of

electronic devices and in the understanding of the mechanism of plastic deformation

has led to an interest in the development of a variety of methods for the detection of

defects in crystals.

a) Growth Spiral

Frank (1949) observed that growth at very low super saturation can occur if

the growing crystal contains screw dislocation. The crystal around a dislocation is

not a stack of atomic planes. But it is a single atomic plane in the form of a helicoids
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or spiral staircase. As growth increases. the step advances infini tely around the

dislocation and crys tal grows witho ut nucleation of new layer. Th e part near the

dislocation moves with greater angular velocity than parts farther away; and a spiral

hills formed. If the Burgers vector of the disloca tion is equal to single lattic e spaci ng.

the growth step will also be one lattice spacing in height. Thus the existence of steps

on the crystal surface enables the detection of the point of screw dislocation. The

surfaces of crys tals grown at higher super saturation arc fairly smooth without

spirals.

b) Etch Pits

Etching is used for the detection and characterization of crystal de fects. It is

the removal of growth spirals reverse to its fo rmation (49]. Etch pits corresponds to a

poin t where a dislocation termi nates on the surface. Elect rolytic polishing of the

crystal surface is necessary in order 10 avoid general etching due to the presence of

steps. Dislocation lines which arc in planes para llel and ncor to the surface can be

revealed hy etch ing. There are different types of etching techniques. A carefully

controlled chemical attack or sometimes. a simple evaporation of nn electrolytic

alloy polished crystalline surface often brings forth pre ferent ial etching points. These

points are associated with the intersecti on of dislocations with the etched surface.

These eteh pits reappear at very nearly the same plnces if we make successive

polishing and etch ing.

I.)

Fig J.5{a}perfect crysta l and (b) crystal with edge dislocation .
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Fig 1.9 (a) vacancy (b) substitutional impurity (c) interstitial impurity

1.5 NON LI NEAR O PTI CS

Observation of the seco nd harmonic generation (S HG) by P.A. Frankcn in

1961 marked the birth of nonlinear optics as a new discipline in the area of laser­

matter interaction. Franken observed that light 01'347.1 nrn could be generated when

a quartz crystal was irradiated with light of694.2 nrn, obtained from a ruby laser. He

attribu ted this novel resu lt 10 the coherent mixing of two optica l fields ut 694.1 nm ill

the crystal to produce 347.1 mu [52]. Non linear optics is essent ially couceme d with

the study of phenomena that result from fi eld induced modifications in the opt ical

propert ied of the materials (50]. This brunch of science explores the coherent

coupling of two or more electromagnetic fields in a non-linear med ium. During these

coupling processes, new frequencies call he generated that arc the sum or the

differences of the coupling frequencies. Though the discovery of SHG marked the

birth of nonlincar optics as a new branch of experimental investigation. SHG is not

the first noulinear optica l (NLO) effect 10 he obscrvcd. Optical pumping is a

nonlinear optical phenomenon, which ,v·J S known prior to the invention o f laser [51].

Figure 1.10 clearly depicts the second harmonic generation in a nonlinear crys tal in

which a I064mn laser radiation IS converted into a 532 mn laser wave.

pump l
~~n-m-)- ~--- · · · · T · ·· · · ·~

residual pu mp ...
5t"Cond·ha rmonic WlJYe
(S32 nm)

Fig 1.10 second harmonic generation in a nonli near crystal
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1.6 NONLINEAR OPTICAL MATERIALS

Introduction

Nonlinear optical materials will be the key elements for future photonic

technologies based on the fact that photons are capable of processing information

with the speed oflight.

Studies on the materials for nonlinear optical applications can be divided into

three areas

• Discovery of new nonlinear materials.

• Growth and perfection of promising NLO crystals of desired shape and size

for device applications.

• Improving the property modification ofNLO crystals.

In the beginning studies were mainly concentrated on inorganic materials

such as quartz, potassium dihydrogen phosphate (KDP), lithium niobate and semi

conductors such as cadmium sulphide, selenium and tellurium. At the end of I96<)"s

the Kurtz and Perry method was introduced which allowed for the first time a rapid

qualitative screening of second order NLO effect in materials. The stage was set for

rapid introduction of new materials, both organic and inorganic.

NLO materials are used on optical switching, frequency converston and

electro optic (EO) applications, especially in EO modulators. All of these

applications rely on the manifestation of the molecular hyperpolarisability of the

material.

Inorganic materials are much more matured in their applications to second

order NLO than organics. Most commercial materials are inorganic especially for

high power applications. However, organic materials are perceived as being

structurally more diverse and therefore are believed to have more long term promise

than inorganic. Organic solids have enormous range interesting properties that are

almost continuously tunable. In the last three decades there has been increasing

awareness of these systems as their interesting properties have been uncovered for

example superconductivity, spin less conductivity in doped conjugated polymers and

large nonlinear optical responses.
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For optical applications, a NLO material should have the following

characteristics [53- 55].

• Wide transparency domain

• Large nonlinear figure of merit for frequency conversion

• High laser damage threshold

• Availability in large single crystal forms

• Wide phase matching angle

• Ability to process into crystal and thin film form

• Ease of fabrication

• Nontoxicity and good environmental stability

• High mechanical strength and thermal stability

• Fast optical response time

For exhibiting SHG in materials, there are two factors. which determine the

existence or absence of efficient SHG. Firstly, and fundamentally, the material

should crystallize in a non centrosymmctric crystal structure. Secondly for

maximum SHG efficiency, crystal should possess phase matching properties (i.e., the

propagation speeds of the fundamental and harmonic waves should be identical in

the crystal.)

1.7 ORGANIC NLO i\/IATERIALS

The enhancement in the nonlinearity m companson to inorganic materials

arises due to the existence of IT conjugation between electron donor and acceptor

groups, chirality and hydrogen bonding in organic molecules. The acceptor-donor

groups are generally attached to organic conjugated systems to generate NLO

materials with large hyperpolarisability and to tailor their transparency. The large

molecular hyperpolarisabilitics are generally obtained from the charge transfer

mechanism of the molecular structure. Therefore a wide variety of organic materials

having electron donor and acceptor groups have been synthesized particularly for

second order nonlinear optics and can also be used in electro optics and third order

NLO applications.
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The advantages of organic NLO material are [56- 60]

• They are generally cheap to synthesize

• They can be purified by conventional techniques

• High second oreler NLO efficiency

• Moderately greater resistance to damage to a laser beam

• They are birefringent

• Possible to chemically engineer molecular properties

• Low dielectric constant provided the crystals arc pure.

Introduction

Generally, a chiral organic molecule possessing large ground state dipole

moment tends to crystallize into centro symmetric space group restricting their use

for second order nonlinear optics. Various chemical as well as physical strategies

have been implemented to introduce noncentrosymmctric crystal structures capable

of displaying NLO activity. The various strategies employed for ensuring dipolar

alignment favourable to generate NLO activity include

• Chirality

• Hydrogen honding

• Guest host systems

• Electrical poling

• Co -crystallisation

• Organometallic structures .

1.8OBJECTIVES OF THE PRESENT \VORK

Amino acids, Glycine and L- Alanine and their complexes are bio compatible

materials and are studied widely owing to their potential applications in the field of

medicine. They are formed as transparent crystals and are identified as systems with

delocalised electrons. Dclocalisation can be increased by reacting with carboxylic

acids, thereby modifying the NLO behaviour. When glycine or L alanine is treated

with oxalic acid the charge transfer complex formed due to the protonation of the

amino group of the amino acid and the mono ionised oxalate ion in the crystal

structure creates a donor- acceptor group resulting in intramolecular charge transfer
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which results in increased hyperpolarizability. Both glycinium oxalate (GLO) and L­

alaninium oxalate (LAO) are formed as noncentrosymmetric crystals.

Potassium hydrogen phthalate is a non centrosymmetric molecular IOniC

crystal. Potassium hydrogen phthalate crystals (KAP) are widely used in the field of

X-ray spectroscopy as monochromator and also as analyser. It has interesting optical,

piezoelectric and elastic properties. Recently, KAP crystals have been used as

substrates for the deposition of thin films of organic nonlinear materials.

Studies on the growth and structural characterisation of all the three materials

mentioned above have already been carried out and reported, but the NLO behaviour

of these materials has not been dealt with in detail. In the present work, we

concentrate on the NLO behaviour of these materials and try to establish a

connection between the structure and the physical properties of these crystals and

their NLO behaviour. Growth of large sized and optically perfect L-alaninium

oxalate single crystals by solution growth technique and that of potassium hydrogen

phthalate crystals using gel growth method arc reported for the first time.
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RELEVENT THEORETICAL ASPECTS

This chapter deals witli the fundamental theories of the

various experimental techniques used ill the present work [or the

growth of the single crystals and their nonlinear optical

characterization. 111is includes a detailed description of the solution

growth and gel growth techniques and the theoretical aspects of the

nonlinear phenomena observed in the single crystals.

2.1 INTRODUCTION

The production of perfect single crystals for modern industry demands a

thorough knowledge of the science and art of crystal growing. The growth of perfect

single crystals has been developed over the years by the complimentary interaction

of crystal growth theory and practice. Basic methods have been modified to produce

perfect and useful single crystals and to enhance their applicability to specific

materials and classes of materials. The overall crystal growth process is rather

complex, as it is influenced by numerous interdependent parameters.

2.2 KINETICS OF CRYSTAL GROWTH

If a crystal is in dynamic equilibrium with its parent phase then the free

energy will be at its minimum preventing the OCCUITence of any crystal growth.

Therefore to enhance the chance of crystal growth, this equilibrium is disturbed by

means of change in temperature, pressure, chemical potential, electrochemical

potential or strain. Then the system releases energy to the surrounding to compensate

the decrease in entropy due to ordering of atoms in the crystal with the subsequent
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evolution of heat of crystallization. Though crystal growth is a non-equilibrium

process, it must be kept near equilibrium and as near to a steady state process as

possible, because the heat evolved must be removed to the surroundings. Hence for a

successful crystal growth experiment, control over the crystal growth environment

and consideration of growth kinetics both at macroscopic and at atomic levels are of

vital importance.

Growth of crystal can be considered to comprise of three basic steps

1. Achievement of super saturation or super cooling

2. Formation of the crystal nuclei of microscopic size

3. Successive growth of crystal to yield distinct faces.

Nucleation is the precursor of the crystal growth. The condition of super

saturation alone is not a sufficient criterion for a system to begin crystallization.

Before crystals can start growing there must exist in the solution a number of minute

solid bodies known as centres of crystallization, seeds, embryos or nuclei.

In a supersaturated or super cooled system when a few atoms or molecules

Jom together a change in free energy takes place in the process of formation of

cluster in a new phase. The cluster consisting of such atoms or molecules is called

nuclei. The kinetics of phase change take place in four different steps.

• The development of the supersaturated state, which may ansc due to

chemical or photochemical reaction or the consequence of a change III

temperature, pressure, tension or other chemical or physical condition

• The generation of minute nuclei.

• The growth of nuclei to form particles of microscopic dimensions or domains

of the new phase and

• The relaxation process such as agglomeration by which the texture of the new

phases changes.

Nucleation may occur spontaneously or it may be induced artificially.

Based on this, nucleation is classified into two types.
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~ Homogenous Nucleation

". Heterogeneous Nucleation

Relevent Theoretical Aspects

The spontaneous formation of the crystalline nuclei in the interior of the

parent phase is called Homogenous Nucleation. If the nuclei form heterogeneously

around ions, impurity molecules or on dust particles, on surfaces or at structural

singularities such as dislocation or other imperfections, it is called Heterogeneous

Nucleation .The nucleation process was understood after realizing the under cooled

and supersaturated phases, which refer to the unstable conditions.

All theories of homogeneous nucleation involve the concept of critical

nucleus. It is envisaged that as a result of a statistical accident a number of atoms or

molecules can come close together and form a rudimental crystal.

2.3 THEORIES OF CRYSTAL GRO\VTH.

The theories of crystal growth can be divided into two sections, one dealing

with growth of ideal crystals and the other dealing with growth of real crystals.

2.3.1Growth of ideal crystals

Gibbs [1] made the first attempt to explain crystal growth on a

thermodynamical basis. He considered crystal growth process as phase

transformations, which are driven by chemical potential between the crystallizing

and nutrient phases. In the case of such a transformation from vapour to solid

forming crystals the minimum free energy condition is given by

/1

Ia i Fj is a minimum
,"I

where {)j represents the surface free energy of the i lh face of area Fj . The

above relation holds for the case where the crystal surface is in equilibrium with its

vapour.
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Curie [2] and Wulff [3] developed the criterion of minimum free energy. If D,

is the perpendicular distance of the ith face of the crystal from a fixed point inside the

crystal, then the volume of the crystal can be written as

n

V =113 L o, r,
i~1

The total energy of the crystal is given by the summation

IJ

E= LaiFi
i~1

For a very small change in volume

"
dV= L FjdDj

/=1

(2.1 )

(2.2)

(2.3)

where one set of faces is assumed to grow at the expense of another.

From equation 2.1

,:

dV = 1/3 L (FidDj + DjdFj)
I-I

(2.4 )

If the volume is kept constant, dV = 0 and from equations 2.3 and 2.4 we get

the relation

"
" D·dF = 0Z: I I

(2.5)

In the minimum energy criterion if the total free energy is constant and any

variation of (J with F is neglected

(2.6)

and from equations 2.5 and 2.6 we get the relation, D, (la i, which means that

the crystal should f01111 a polyhedron such that the perpendicular distances from a

point within the crystal are proportional to the specific free energies of the

m
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appropriate faces. The above theory also implies that on a crystal, the velocities of

growth of different faces in the directions of the nonnals are proportional to the

appropriate specific surface free energies.

According to Bravais [4], the velocities of the growth of the different faces of

crystal would depend upon the densities of lattice points in various planes, i.e. the

reticular density. He also suggested that the velocity of growth in a direction normal

to a face would be the slowest for the plane of maximum density. The Bravais theory

was further developed to take into account of the effect of symmetry operations on

Miller indices and to explain crystal morphology. After the theories of Gibbs and

Curie [1, 2], Soehncke [5] introduced the ideal ofsurfaee energies by postulating that

the faces which possess the greatest reticular densities are those with minimum

surface energies, and hence have minimum velocities of growth.

For the purpose of illustration of the growth of a perfect crystal, a model was

suggested by Kosscl [6] in which the molecules are taken to be cubes stacked face to

face. Each cube is attracted equally by all its six neighbours. In the Kosscl model, at

absolute zero, the low index faces of a crystal have a completely flat surface partially

covered by another layer. There arc incomplete steps on the surface having exchange

sites called kinks. As the temperature is raised. some of the molecules leave the

crystal surface acquiring sufficient energy to overcome the binding energy, while

some molecules arrive at the surface, leading to an equilibrium state.

A molecule adsorbcd on an atomically smooth crystal surface often migrates

considerable distances before it becomes a part of the crystal. The distance through

which an adsorbed molecule migrates is given by Einstein's formula.

(2.7)

where D, represents the diffusion coefficient and T, the mean life period on

the surface. In model suggested by Kosscl-Stranski

xs~ a exp (3 ~/2kT) (2.R)
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where a is the intermolecular distance, IJ is the strength of the nearest

neighbour bond, k is the Boltzmann constant and T is the absolute temperature. In

the above expression the second and higher order neighbour bonding is neglected.

The migrating molecules adhere to the kink sites on the steps. BCF theory [7]

has shown that at any temperature there exist a finite number of kinks on the steps.

The mean, Xo between the kinks is given by the relation

Xo ~ 'h. a exp (fjJ 12kT) (2.9)

As the super saturation IS increased more and more molecules join

kinks and so the step advances. The rate of advance of a straight step is given by the

relation

·WkTVu= (a -I) XS ye (2.10)

where a is saturation ratio, x, IS the mean distance of diffusion of the

adsorbed molecule, y is a frequency factor which is of the order of atomic frequency

of vibration ""1013 sec· 1 in the case of monatomic substances. W is the total

evaporation energy.

Qualitatively the above equation implies that all molecules which hit the

surface in the zone of width Zx, will reach the advancing step and since the

concentration of kinks in the step is fairly large. they will be adsorbed.

A curved step with a radius of curvature P advances with a velocity

where Pc is the critical radius of curvature defined by the relation

Pc = a fjJ / 2kT In ex )

where (X is the supersaturation.

(2.11)

(2.12)

On the perfect crystal surface steps arc created by thermodynamic

fluctuations. Once the step has covered the whole surface, a new layer is to be
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initiated. This involves a process by which a monomolecular island is formed on the

edges of which growth proceeds. The nucleation of monomolecular island requires

additional energy. If it is assumed that only a single nucleus of monomolecular

height is formed having a circular shape with radius r then the excess free energy f of

the system is given by

2 ')
f(r) = -kT Inn re r /a- + Ts2nr/a (2.13 )

where a is the supersaturation and T, is the surface tension at the interface.

Once the nucleus is formed due to thermodynamic fluctuations it will spread and

again leave the surface smooth. For further growth a fresh nucleus is to be formed.

The growth rate of crystals is governed by nucleation rate rather than the growth

velocity of surface steps.

A rigorous analysis of nucleation [7] shows that the nucleus is not circular,

and the free energy per unit length of the edge varies with crystallographic direction.

The rate of formation of nuclei is given by

Z(S/so) exp (-FjkT) (2.14)

where Z gives the rate of arrival of fresh molecules at single surface lattice sites, S is

the surface area of crystal face under consideration and So is the area per molecule in

the layer. F, is the maximum surface free energy at critical radius of the nucleus.

Substitution of typical values for the different terms in equation 2.14 brings one to

the conclusion that nucleation rate is a sensitive function of supersaturation and

below a supersaturation of 25-50percent, the probability of nuclei formation is

negligible. This was not in agreement with experimental observations [8J, where the

growth rate was found to be proportional to supersaturation down to values much

lower than the critical supersaturation as calculated from the surface nucleation

theory. This, therefore, led to the conclusion that the growth of crystals at 100v

supcrsaturations could only be explained by the fact that real crystals differ from

ideal crystals.
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2.3.2 Growth of real crystals
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It was Smekal [9] who first pointed out that an important difference in the

properties of crystals is related to the distinction between ideal and real crystals.

Certain properties independent of crystal defects were designated by him as structure

-insensitive while those dependent on crystal defects were termed structure ~

sensitive. The imperfections that explained the structure sensitive properties were

lattice flaws, interstitial at0111s and dislocations.

A revolutionary breakthrough in the field of crystal growth was presented by

Burton et al. [7]. The success of their paper was due to the application of concepts,

results and methods of theoretical physics to crystal growth. They gave the existing

theories a stronger statistical mechanical foundation and proposed the famous spiral

growth theory. The mathematical treatment of the spiral growth theory is

summarised as follows. If «iis the rotational velocity, the growth rate is given by the

relation

R= «(1)1 271:) h, (2.15)

where h, is the step height of the spiral step. Assuming this velocity to be

constant with time, the step velocity of the curved step is ohtained as

(2.16)

where re and r are the radii of the critical and real nuclei respectively and V r

and Vs arc velocities of the curved and straight step respectively.

The radius of curvature r of the steps is derived in Cartesian co-ordinates by

considering a portion of a circular step, y = trx) os

[ I ( ')!] 1! ..r = + y - - - Iy (2.17)

The velocity normal to a rotation spiral step is given by the relation

2 2 'I,v,= row/[1 + ro (dO/dro) ] (2.18)
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where ro is the rotational velocity, r, IS the radius vector and de is an

infinitesimal rotation during which the radius changes by dr,

The velocity of the growing step along the radius of curvature VI" is related to

the velocity of a straight step on the surface by (2.16) and therefore

which for large values of r., reduces to give

O= (w/Vs) ro+ constant

and for small values of r

e= (1/2 re) r., + constant

(2.19)

(2.20)

(2.21)

Equations 2.20 and 2.21 represent spiral with constant step spacing, Se = t9re.

The spiral growth mechanism was shown to be favourable for the rate versus

supersaturation data for growth from vapour measured by Volmer and Schultz [R].

Growth spirals are said to have been observed [10] on paraffin crystals by Heck.

although these were not recognized as growth spirals because this concept was not

then developed, Griffin [11] and later a number of others observed growth spirals

through optical and electron microscopic observation techniques [12, 13]. Growth

spiral concept is now generally known in crystal growth community and among

scientists working in areas where crystallization plays an essential role.

The recent developments in the theory of crystal growth using as a frame of

reference the BCF paper [7], have been mentioned in a recent review by Bennerna

[14]. It is shown here how and where the BCF theory contributed to a narrowi ng of

the gap between theory and experiment,

2.4 GROWTH OF CRYSTALS FROIVI SOLUTIONS

2.4.1Growth from Pure Solutions

During the growth from pure solutions a solute molecule must break the

bonds it has with the solvent and make new bonds in the crystal. It is believed that
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new molecules are added only at kinks in steps present on the close packed faces of a

growing crystal after a crystal has been growing steadily for some time. The kinks on

the monomolecular steps are so numerous [7] that the steps behave as continuous line

sinks with a velocity independent of crystallographic orientation and a more or less

circular shape indicating the location of the source from which they originated.

The path taken by the solute molecules from the solution to a kink site is not

certain. Deposition may either occur directly at the step via volume diffusion or

solute molecules may become adsorbed on the surface and migrate to the steps by

surface diffusion. Both processes arc considered to be active in most cases. Their

relative importance should depend 011 the ratio, DvCy~a/DsCs~, where D, and Os are

the volume and surface diffusion coefficients. eye and Cse are the equilibrium

concentrations of solute in the solution and adsorbed on the surface, and a is the

height of a step. The kinetics of crystal growth can be considered in terms of (a) the

creation of steps at certain sources unci (b) their motion away from the sources. Since

the flow of steps awuy from a source has an influence on the rate of step creation. the

latter part is considered first.

Flow ofsteps

It is clear that the velocity of a step will depend on the proximity of other

steps on the surface, for; nearby steps absorb some of the solute. Consider, for

example, a series of uniformly spaced straight steps of height, 3, separated by

distances n', where, n is the density of steps normal to their direction of motion.

When the steps are very far apart, the velocity of each will he maximum. As the

spacing between steps decreases their velocity decreases, becoming a minimum for

na= I. In order to understand whisker growth and morphology changes it is also

necessary to consider steps which have a step height equal to a multiple of the lattice

spacing.

Sources ofsteps

Two main types of sources of steps can he distinguished: I) points of the

crystal surface where dislocations with Burger vector having non-zero component
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normal to the surface terminate and 2) surface nucleation at any point on a perfect

crystal surface.

According to Cabrera and Levine [16], dislocations should be the only

possible sources at very low supersaturations when there is no diffusion field near the

source. Under these conditions, the rate of formation of new steps at the source

Yo = y,j19 Pc (2.22)

Where Pc is the medium radius of curvature of the step corresponding

to the supersaturation o and is given by

Pc =yO/KT In (I +cr) ;::; yO/KTa (2.23)

where y is the surface energy of the edge of the step and .n is the volume of

crystal per molecule. Under steady state conditions the step winds itself into a spiral

so that the density of steps away from the source satisfies '10 = Yand hence

n = I /19 Pc (2.24)

Since 'I" and pc·lme both proportional too, Yo is proportional to the square of

the supersaturation.

For surface nucleation at any point on Cl perfect crystal surface, new steps

must arise by repeated nucleation on the perfect surface of the crystal. Such a process

generally requires a very large supersaturation and is observed only rarely.

Two important conclusions of the theory regarding growth in pure solutions

arc that Cl single dislocation should be sufficient to grow a large crystal and no

mechanism is available for the introduction of further dislocations. But, the presence

of Cl small concentration of impurities provides a simple mechanism for the

introduction of dislocations during growth.
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2.4.2 Growth from impure solutions
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The growth of crystals from solutions containing other solutes, colloidal

particles or suspended material is much more complicated than growth from pure

solutions. However, the growth of real crystals generally occurs in such solutions,

and to grow useful crystals it is very often necessary to make minor additions to the

growth solution in order to influence the growth in some desirable way. An

understanding of impurity effects is thus of great interest. The effect of impurities on

growth kinetics is briefly discussed below.

The rate of growth is often altered by the presence of impurities, usually by

way of reducing the growth velocity at a given supersaturation. The effectiveness of

an impurity in reducing the growth rate decreases with temperature [17]. In certain

cases addition of impurities results in the increase of growth rate at a given

supersaturation. For example. halicle ions are known to facilitate reactions at mercury

electrodes [18] and an increase in the rate of growth in thickness of thin plates of

lithium fluoride is brought about by additions of 2 x 10'0 mole fraction of ferric

f1uoride [19].

If the impurity molecules are immobile on the surface so that they will remain

at the points where they reached the surface, the average velocity of advancing step

is reduced by the impurities. It is shown that there is a critical supersaturation below

which growth is extremely slow. Behind regions of very high impurity content.

bunching of steps occurs producing dislocations. In the case of mobile adsorbcd

impurities, the decrease in velocity due to the impurities will be small. Thus

immobile impurities arc more effective than mobile ones in retarding and in

ultimately stopping the flow of steps and consequently the growth of large crystals.

2.5 BASICS OF NONLINEAR OPTICS

2.5.1 Nonlincar Polarizarlon

Light is transverse electromagnetic (EM) wave. EM field is a vector field.

Therefore, in principle, when interaction oflight with matter is formulated, the effect

of the electric field (E) and magnetic field (B) as well as their directional nature must
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be considered. Besides, spatial and temporal variation of E & B is also to be taken

into account [20]. However, light- matter interaction in nonmagnetic materials is

described in terms of E only. In non-magnetic materials, B is neglected [23].

Magnitude ofB is less than that of E.

Based on the concept of harmonic oscillator, the basic Physics of the light

matter interaction can be summarized briefly as follows. E of light can interact with

charged particles in the matter, mainly electrons and hence distort the equilibrium

charge distribution, which results in the separation of unlike charges to produce an

electric polarization. The polarization thus generated is related to extemaIly applied

electric field through a characteristic property of the medium, called optical

susceptibility [21]. It determines the magnitude as well as the direction of induced

electric polarization for a given field strength, at a particular wavelength. The

magnitude of optical susceptibility depends on various factors such as molecular and

atomic structure of the materials. wavelength of excitation and intensity of light [22].

It has been found that when excitation intensity is increased. induced polarization

becomes a non-linear function of applied electric field strength [20, 22-24]. The

consequences of the nonlinear relationship between E and P are that at very high

values of light intensity, a number of new and interesting phenomena begin to

manifest macroscopically.

In this context, it is highly desirable to examine the strength E associated with

light obtained from various sources used for optical excitation and compare the same

with intcratomic field. E associated with conventional light sources such as Xenon

lamp and Mercury lamp. which are mainly used to excite samples in the prc-laser

era, is very low in comparison with inter atomic electric field. Because of its low

electric field strength, light from conventional sources cannot appreciably perturb the

molecular charge distribution. For instance, atomic field is of the order of 1OH or 10')

YCm-1[20, 24, 27], whereas electric field strength associated with conventional

sources is 102_105 vo-'. Under the action of such a low electric field, electrons

bound to the nucleus are displaced only by about 10-18
In, which is very small in

comparison with inter-atomic distance. which is of the order of 10-10
In [22].

Therefore, it can be said that this small displacement is within the elastic limit and
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hence, there is no anharmonicity in the oscillation of induced polarization. Hence,

measurements using conventional light sources give a polarization, P which IS

linearly dependent on electric field strength. P, in this case can be written as [22]

p (2.25)

where £0 is the susceptibility of vacuum. This domain of interaction of

electric field with matter is referred to as linear optics. Linear effects, also called first

order effects, include linear optical properties such as refractive index, linear

absorption and birefringence.

With the invention of lasers, which have high degree of spectral purity,

coherence and directionality, it has become possible to irradiate atoms and molecules

with jj; that is comparable to inter-atomic field. This is because of the fact that lasers

can be focused to a very small spot size. of the order of its wavelength, giving very

large intensity and consequently extremely high electric field strength, at the focal

region. This results in a considerable distortion of the equilibrium charge

distribution, which gives rise to a large displacement of electrons with respect to

their equilibrium position. Consequently, vibration of the electrons becomes highly

unharmonic. It is also interesting to note that, when laser beam is tightly focused,

photon density at the focal region approaches atomic density. In such cases. the

potential which electrons experience cannot be approximated to a parabolic onc.

Consequence of this unharmonicity is that unlike in eq.(2.25), induced polarization

becomes a function of higher powers of electric field too, i.e. nonlinear dependence

on electric field strength. In such cases the polarization is expressed as a power series

in the applied field as [26 J.

- (1) (2) 2 (3) 3
P NL= £0 (X E + X E + X E + ) (2.26)

(2) cl (3) I I I d hi I d ibili ,Here, X an X corresponc to seconc ore er an t Ire ore er susccpti I itres

respectively[26]. In the nonlinear optical regime a number of interesting phenomena

that are conspicuous by their absence in linear regime emerge. One significant

difference between linear and nonlinear optical interactions is that unlike in the linear

case, in nonlinear optical processes two light beams can interact and exchange
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energy through induced nonlinear polarization of the medium [20]. In the case of

very intense laser beams, even air itself can act as nonlinear medium. It is well

known that femtosecond laser pulses get self-focused in continuum (white light),

which occurs when some materials arc irradiated with terra watts of power. Many of

these nonlinear optical effects have important scientific and technological relevance.

Therefore, study of nonlinear effects is very important. It helps us to understand the

mechanism of nonlinearity as well as its spatial and temporal evolution. Besides,

detailed knowledge of NLO processes and their dynamics is also essential for the

implementation of these techniques in appropriate areas of technology such as optical

switching [28], optical communication [29], passive optical power limitation [30-32],

data storage [33J and design of logic gates [34-36].

Thc wavelength at which non linear parameters arc measured is also

important. [f the wavelength of excitation is close to one, two or three-photon

resonance, resonant enhancement of nonlinearity will occur. At and near resonant

frequencies, refractive index becomes a complex quantity. If wavelength of the light

interacting with matter is at or near resonance, the power series expansion as in

eq.(2.26) is not relevant. In the case of resonant excitation [20] (one photon, two­

photon or three-photon), the nonlinear susceptibility term corresponding to resonant

absorption can have enormously large magnitude. Generally, resonant nonlinearity

has large magnitude hut slow response, whereas non-resonant nonlinearity has large

magnitude hut slow response. Usually, observed nonlinear susceptibility is due to the

response of weakly hound outer most electrons of atoms or molecules. However, if

the wave length of excitation is valid, the corresponding nonlincarity is called weak

nonlinearity. On the other hand, if the frequency of excitation is very close to

resonance, power series expansion as in eq. (2.26) is not correct. Such nonlinearity is

called strong nonlinearity [20].

2.5.2 Second Harmonic generation

In second harmonic generation. radiation at an incident frequency eo I IS

convened to radiation at twice the frequency of the incident radiation i.e.

(2.27)

m
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It is observed only in non-centra symmetric crystals and the constitutive

equation typical to second order process under dipole approximation, is given by [23]

(2.28)

Efficiency of SHG is proportional to phase mismatch parameter ~k as given

by the relation [23]

sin 2 (f'..kf/2)
'/slf(, ex (f'..kl' 2y (2.29)

It is obvious that as ~k deviates from zero, the conversion efficiency steadily

decreases.

2.5.3 Self Action Effects

Sel f-action effects are those that affect the propagati on characteristics of the

incident light beam. They are due to nonlinear polarizations that arc at the same

frequency as that of the incident light wave. Depending on the particular effect they

can change the direction of propagation, the degree of focusing, the state of

polarization or the bandwidth of the incident radiation. Sel f-action effects can also

change the amount of absorption of the incident radiation, and sometimes one of

these effects can occur alone but more commonly two or more of them occur

simultaneously. The most common self-action effects arise from third order

interactions. The various types of self-action effects depend on whether the

susceptibility is real or imaginary and on the temporal and spatial distribution of the

incident light. The real part of the nonlinear susceptibility gives rise to the spatial

effects of self-focusing, sclf-dcfocusing. spectral broadening and changes in the

polarization vector. The imaginary part of the susceptibility causes nonlinear

absorption. The important self-action effects arc self focusing, sclf-defocusing, self­

phase modulation, nonlincar absorption and saturable absorption.

(a) Self-Focusing

The real part of the third order susceptibility causes a change in the index of
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refraction of the material according to the relation

Where
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(2.30)

(2.31 )

In Eq 2.30 and 2.3\ (£2) is the time average of the square of the total

electric field which is proportional to the intensity, n I and n2 are the linear and
,

nonlinear refractive indices and X is the real part ofX. Self-focusing occurs as a

result of a combination of a positive value of n2 and an incident beam that is more

intense in the center than at the edge. In this situation the refracti ve index at the

center of the beam is greater than that at its edge and the optical path length at the

centre is greater than that for rays at the edge. This is the same condition that occurs

for propagation through focusing lens and as result the light beam creates its own

positive lens in the nonlincar medium, As the beam gets focused the strength of the

nonlinear lens increases causing stronger focusing and increasing the strength of the

lens still further. This behaviour results in catastrophic focusing in which the beam

collapses to a very intense small spot in contrast to the relatively gentle focusing that

occurs for normal lenses. Self-focusing can occur in any transparent material at

sufficiently high intensities and has been observed in a wide range of materials

including glasses, crystals, liquids, gases and plasmas [24].

(b) Self-defocusing

Self-defocusing results from a combination of a negative value of n2 and a

beam profile that is more intense at the center than at the edge. In this situation the

refractive index is smaller at the center of the beam than at the edge, resulting in a

short optical path for rays at the ccnter than for those at the edge. This is the same

condition that exists for propagation through a negative focal length lens and the

beam gets defocuscd.
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Self phase modulation results from a combination of a material with a

nonlinear refractive index and incident field amplitude that varies in time. Because

the index of refraction depends on the optical intensity, the optical phase given by

(2.32)

develops a time dependence that follows the temporal variation of the optical

intensity. The phase shift incurred by an optical beam of power P and cross sectional

area' A' traveling a distance in the medium is given by

I
/l.rjJ = 2m11 -- P

;loA
(2.33 )

which is proportional to the optical power P. Self phase modulation is useful

In applications in which light controls light. For example it can be used for

compression of optical pulses in a manner similar to pulse compression in chirped

raclar. Pulse compression of factors of 10 or more have been achieved with self phase

modulation of pulses propagated freely in nonlinear media resulting in the generation

of sub pieosecond time range.

(d) Nonlincar Absorption

Self action effects can also change the transmission of light through a

material. Non1inear effects can cause materials that are strongly absorbing at low

intensitics to become transparent at high intcnsitics in an effect termed 'saturable

absorption' or they can cause materials that are transparent at low intensities to

become absorbing at high intensitics in an effect termed 'rnultiphoton absorption'.

The multi photon absorption can occur through absorption of two, three or more

photons. The photons can he of the same or different frequencies. When the

frequencies are different the effect is termed sum frequency absorption.
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(e) Saturable absorption
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Saturable absorption involves a decrease in absorption at high optical

intensities and it is usually observed in materials that are strongly absorbing at low

light intensities. Saturable absorption occurs when the upper state of the absorbing

transition gains enough population to become filled, preventing the transfer of any

more population into it. Saturable absorption is used to mode lock solid state and

pulsed dye lasers [25]. It can also be used with four wave-mixing interactions to

produce optical phase conjugation [26].

2.6 PHYSICS OF NLO BEHAVIOUR IN ORGANIC MOLECULES

The absorption of radiation in molecules results in the excitation of electrons

from their lower occupied states to higher molecular states. There are number of

different possible path ways for de-excitation from these higher energy states to the

lower states. The most favourable de-excitation path way depends on the type of the

molecules and nature of electronic states involved in the process [37]. One of the

interesting properties of electronically excited molecules is their tendency to re-emit

radiation on returning to the ground state. By the light absorption t\VO excited

electronic states can be derived from electronic orbital configuration. In onc state, the

electron spins are paired and in the other the electron spins arc unpaired. A state with

paired spins remains as a single state in the presence of a magnetic field and is

termed as singlet states. But a state with paired spins can interact with magnetic

fields and splits into three quautized states and is termed as triplet states. An energy

state is a display of the relative energies of these energy states of a molecule for a

given fixed nuclear geometry [38].

The electronic ground state of a molecule is a singlet state and is denoted as

So. The higher singlet states arc denoted as SI, S2. S3 ... Sn. Similarly the higher

triplet states are denoted as T I, T1, T3 ...Tn. Each electronic state has a broad

continuum of levels and the optical transitions between these continua lead to broad

absorption and emission spectra. Transition between singlet states arc spin allowed

and gives rise to strong absorption bands. Transitions between the ground level of

one energy state and the higher vibrational states of the same level are also possible
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and these transitions occur within a few picosecond time duration. Decay process

included in this type of transitions is non-radiative in nature. From the first excited

singlet state SI the molecule can relax back radiatively or non-radiatively to the

ground state So, or cross over to the triplet state. The spontaneous radiative decay

from SI to So is known as Fluorescence and is governed by the life time of SI state.

The non-radiative transition from SI to So state is known as internal conversion and

transition from SI to T. state is known as intersystem crossing. Similarly the decay

from T 1 to So can also be radiative or non-radiative. If this transition is radiative it is

termed as Phosphorescence. Typical phosphorescence life times are in the range

milliseconds to microseconds and the life time of triplet state is generally large since

the triplet-singlet transition is dipole forbidden. Under special experimental

conditions the molecules in the ground state So can be excited to higher energy state

SIl' These higher states relax back to the S I state on a very fast time scale and

generally this is of the order of few femto seconds. In certain cases, the T I state can

be populated by the intersystcm crossing. Similarly the higher triplet states can also

be populated under suitable conditions through the intersystcm crossing in the upper

states. Therefore, even though the direct absorption form singlet state to triplet state

is forbidden by selection rule it can be populated indirectly and these types of

transitions between the energy levels are responsible for 1110st of the nonlinear

phenomena observed in organic molecules.
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CHARACTERISATION TOOLS
AND TECHNIQUES

3.1 INTRODUCTION

The advent of sophisticated instruments has improved in analysing materials

for their chemical and physical properties. The aim of this section is to present a

comprehensive description on the techniques that are followed to characterise the

crystal samples in the present research work. The instrumentation used in each case

is basically described, without entering into details.

3.2 X-RAY PO\VDER DIFFRACTION

Much of what we know about the architecture of molecules is derived from

studies on the diffraction of X- rays by crystals. This method was first used by Bragg

in 1913. Since then X-ray and neutron diffraction techniques have helped to establish

detailed features of the molecular structure of every kind of stable chemical species

in a crystalline form, from the simplest to those with many thousands of atoms [1-4].

An X-ray incident upon a sample will either be transmitted, in which case it

will continue along its original direction, or it will be scattered by the electrons of the

atoms in the material. All the atoms in the path of the X-ray beam scatter X-ray. In

general, the scattered waves destructively interfere with each other, with the

exception of special orientations at which Bragg's law given by the equation

N),,=2dsinO is satisfied. The phenomenon of diffraction occurs when penetrating

radiation, such as X-rays, enters a crystalline substance and is scattered. The

direction and intensity of the scattered (diffracted) beams depend on the orientation

of the crystal lattice with respect to the incident beam. Any face of a crystal lattice
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consists of parallel rows of atoms separated by a unique distance (d - spacing),

which are capable of diffracting X - rays. In order for a beam to be 100% diffracted,

the distance it travels between rows of atoms at the angle of incidence must be equal

to an integral multiple of the wavelength of the incident beam.

An X - ray diffractometer (Rigaku, Japan) utilizes a powdered sample [5, 6],

a goniometer and a fixed - position detector to measure the diffraction pattern of

unknowns. The powdered sample provides (theoretically) all possible orientations of

the crystal lattice, the goniometer provides a variety of angles of incidence and the

detector measures the intensity of the diffracted beam. The resulting analysis is

described graphically as a set of peaks with percentage intensity on the Y axis and

goniometer angle on the X axis. The exact angle and intensity of a set of peaks is

unique to the crystal structure being examined. The X - ray diffraction method is

most useful for qualitative, rather than quantitative analysis (although it can be used

for both). The monochromator is used to ensure that a specific wavelength reaches

the detector, eliminating fluorescent radiation. The resulting trace consists of a

recording of the intensity Vs counter angle (20). The trace can then be used to

identify the phases present in the sample. Diffracted data from many materials has

been recorded in a computer searchable Powder Diffraction file (JCPDS file.

Matching the observed data allows the phases in the sample to be identified.

In the present study we have employed a Bruker D8 advance diffractorneter,

operating at 40 KV and SOmA, using Cu target and graphite monochromator.

The intensity data is recorded by continuous scan from Y to 60" with a step size of

0.02'and scan speed of 4'/minute. The structure is refined by Pawley method [7]

using the TOPAZ R version 3 program [8].

3.3 ELEMENTAL ANALYSIS

3.3.1 CHN analysis

The elemental analysis of a compound is particularly useful in determining

the empirical formula of the compound. The empirical formula is the formula for a

compound that contains the smallest set integer ratios for the elements in the

compound that gives the correct elemental composition by mass. The most common

m
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form of elemental analysis, CHN analysis, is accomplished by combustion analysis.

In this technique, a sample is burned in an excess of oxygen, and various traps collect

the combustion products ~ carbon dioxide, water, and nitric oxide. The weights of

these combustion products can be used to calculate the composition of the unknown

sample.

The analysis of results is performed by determining the ratio of elements

from within the sample, and working out a chemical formula that fits with those

results. This process is useful as it helps to determine if the sample examined has the

desired composition and confirms the purity of a compound. The accepted deviation

of elemental analysis results from the calculated is 0.4%.

In our study, chemical composition of the grown crystals determined by

carbon, hydrogen, nitrogen (CHN) analysis using VarioEL III CHNS serial number

11035060 is compared with the theoretical values of carbon, hydrogen and

nitrogen present in the crystals.

3.3.2 Energy dispersive X-ray (EDX) analysis

It is a technique used for identifying the elemental composition of the

specimen. The EDX analysis system works as an integrated feature of a scanning

electron microscope (SEM), and cannot operate on its own without the latter [9, 10J.

During EDX Analysis, the specimen is bombarded with an electron beam inside the

scanning electron microscope. The bombarding electrons collide with the specimen

atom's own electrons, knocking some of them off in the process.

The EDX spectrum is a plot of intensity of X-rays vs energy of the emitted X­

rays. An EDX spectrum normally displays peaks corresponding to the energy levels

for which the most X-rays have been received. Each of these peaks is unique to an

atom, and therefore corresponds to a single element. The higher the intensity of peak

in a spectrum, the more concentrated is the element in the specimen. An EDX

spectrum plot not only identifies the element corresponding to each of its peaks, but

the type of X-rays to which it corresponds as well. For example, a peak

corresponding to the amount of energy possessed by X-rays emitted by an electron in
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the L-shell going down to the K-shell is identified as a K. peak. The peak

corresponding to X-rays emitted by M-shell electrons going to the K-shell is

identified as a KIi peak as shown in figure 3.1

Figure.3.1 Electronic transitions showing the emission of X- rays

3.4 THERMAL CHARECT ERISAT ION

3.4.1 TGA/UT A analysis

Ther mo gravimetric Analysis (TGA) is a type of thcrmo analytica l testing

performed 011 materials to deter mine changes in weight in relation to changes in

temperature. TGA relies on a high degree o f precision in three measurements:

weight. temperature. and temperature change. As many weight loss curves look

similar. the weight loss curve may require transfor mation before results may he

interpreted. A derivative weight loss curve can be used to tell the point at which

weight loss is most apparent. TGA is commonly employed in research and testing to

detenninc characteristics of materials. to determine degradation temperatures.

absorbed moisture content of materials. the level of inorganic and organic

components in materials. decomposition points of explosives. and solvent residues.
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A simultaneous TGA-OTA measures both heat flow and weight changes in a

material as a function of temperature or time in a controlled atmosphere.

Simultaneous measurement of these two material properties not only improves

productivity but also simplifies interpretation of the results. The complimentary

information obtained allows differentiation between endothermic and exothermic

events which have no associated weight loss (e.g., melting and crystallization) and

those which involve a weight loss (e.g., degradation).

A TGA analyser usually consists of a high-precision balance with a pan

(generally platinum) loaded with the sample. The pan is placed in a small electrically

heated oven with a thermocouple to accurately measure the temperature. The

atmosphere may be purged with an inert gas to prevent oxidation or other undesired

reactions. A computer is used to control the instrument.

Analysis is carried out by raising the temperature gradually and plotting

weight against temperature. The temperature in many testing methods routinely

reaches 1OOO°C or greater, but the oven is so greatly insulated that an operator would

not be aware of any change in temperature even if standing directly in front of the

device. After the data is obtained, curve smoothing and other operations may be done

such as to find the exact points of inflection.

A method known as hi-res TGA is now often employed to obtain greater

accuracy in areas where the derivative curve peaks. In this method, temperature

increase slows down as weight loss increases. This is done so that the exact

temperature at which a peak occurs can be more accurately identified. Several

modern TGA devices can vent bum off to a Fourier-transform infrared

spectrophotometer to analyze composition.

In Differential thermal analysis (OT A), the material under study and an inert

reference are made to undergo identical thermal cycles, while recording any

temperature difference between sample and reference [11]. This differential

temperature is then plotted against time, or against temperature (DTA curve or

thermogram). Changes in the sample, either exothermic or endothcrmic, can be

detected relative to the inert reference. Thus, a DTA curve provides data on the
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transformations that have occurred, such as glass transitions, crystallization, melting

and sublimation. The area under a DT A peak is the enthalpy change and is not

affected by the heat capacity of the sample.

A DT A consists of a sample holder compnsmg thennoeouples, sample

containers and a ceramic or metallic block, a furnace, a temperature programmer, and

a recording system. The key feature is the existence of two thermocouples connected

to a voltmeter. One thermocouple is placed in an inert material such as Ah03, while

the other is placed in the sample of the material under study. As the temperature is

increased, there will be a brief deflection of the voltmeter if the sample is undergoing

a phase transition. This occurs because the input of heat will raise the temperature of

the inert substance, but be incorporated as latent heat in the material changing phase

[12].

We have used a Perkin Elmcr simultaneous TGA/DTA instrument for the

thermal anal ysis 0 f the grown crystals.

3.4.2 Differential scanning calorimetry

Differential scanning Calorimetry (DSC) IS a dynamic thermal analysis

technique, with which thermal behaviour of any sample can be studied over a wide

temperature range, under non isothermal conditions. Whenever a material under goes

a change in its physical state such as melting or transition from one crystalline form

to another or whenever it reacts chemically, heat is either absorbed or liberated.

Many such processes can be initiated simply by raising the temperature of the

material. In DSC, the enthalpics of these processes are determined by measuring the

differential heat flow required to maintain a sample material and an inert reference at

the same temperature. This temperature is usually programmed to scan a temperature

range by increasing linearly at a predetermined rate. Thermal changes in a sample are

due to exothennic or cndothermic enthalpic transitions or reactions. Such enthalpic

changes can be caused by phase changes, fusion, crystalline inversions, boiling,

sublimation, vaporization, oxidation, reduction or other chemical reactions.

Generally, phase transitions, dehydration, reduction and some decomposition

reactions are endotherrnic in nature, whereas crystallization, oxidation and some
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decomposition reactions are exothermic. The phenomenon of glass transition exhibits

itself in a DSC curve as an endothermic baseline shift. Although DSC yields data,

which are inherently more qualitative and more amenable to theoretical interpretation

than the differential thermal analysis (DTA) data, it does not seem to have been used

as widely as the latter. The DSC technique has been applied, however, to diverse

types of compounds and reviews on the application of DSC to petroleum products,

plastics, biological systems and metal complexes, single crystals, etc. have appeared

[l3- 15) in literature.

The relative advantages of the DSC over conventional calorimetric technique

are [16) (i) rapidity in the determination of thermal properties over a wide

temperature range (ii) small amounts of sample required for measurements (iii) easy

data analysis procedure and (iv) ability to study many different types of reactions.

The main disadvantages of this technique are (i) relatively low accuracy and

precision (5-10% accuracy), (ii) inability to conveniently determine the tlH of

overlapping reactions and (iii) inaccuracy in the determination of peak areas due to

baseline changes during the transition or reaction.

We have used a Perkin-Elmer differential calorimeter in the present study.

Usually, the differential scanning calorimeter is programmed to scan a temperature

range by changing at a linear rate over a temperature ramp for the study of the

endothennic and exothermic reactions. With the liquid nitrogen the temperature can

be varied from > 77 K to 1000 K. Before any quantitative measurements arc macle

the calorimeter must be calibrated and fix the temperature scale accurately. Correct

sampling techniques must also be used. High purity metals with accurately known

enthalpies of fusion are generally used as calibration standards. The most commonly

used calibrants arc Indium and Zinc, which can be used to calibrate the instrument

over a wide temperature range.

Differential scanning calorimetry can also be used to measure the specific

heat C, of materials. When a sample material is subjected to a linear temperature

increase, the rate of heat flow into the sample is proportional to the instantaneous

specific heat. By measuring this rate of heat flow as a function of temperature and

comparing it with a standard material under the same conditions, one can obtain the

Ij
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specific heat Cp as a function of temperature [16, 17].
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The procedure is briefly described as follows. Empty aluminium pans are

placed in the sample and reference holders. An isothermal base line is recorded at the

lower temperature and the temperature is then programmed to increase over a range.

An isothermal baseline is then recorded at the higher temperature as indicated in the

lower part of Fig. 3.2. The two isothermal baselines are used to interpolate a baseline

over the scanning section as shown in the upper part of Fig. 3.2. The procedure is

repeated with known mass of sample in the sample pan and a trace of dH/dt against

time is recorded. There is a pen displacement due to the absorption of heat by the

sample, then

dH/dt = m C, dTp/dt (3.1 )

where m is the mass of the sample in grams, Cp, is the specific heat and dTp/dt is the

programmed rate of temperature increase.

This equation could be used to obtain values of C, directly, but any errors in

ordinate read-out dH/dt, and in programming rate dTp/dt, would reduce the accuracy.

To minimize these errors the procedure is repeated with a known mass of sapphire,

the specific heat of which is well established [17] and a new trace is recorded. Thus

at any temperature T,

K y = m Cp dT/dt

K y' = mCj,' dT/dt

(3.2)

(3.3)

where y and y' are the ordinate deflections due to the sample and the standard

respectively, m' and C;' are the mass and specific heat of the standard, and K is the

calibration factor in Joules cm-I scc- I
,

Dividing equation (3.2) by equation (3.3) and rearranging terms

(3.4)

Thus the calculation requires only the comparison of two ordinate deflections at the
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same temperature.

dH

dt
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Fig 3.2 specific heat determination by ratio method

3.5 OPTICAL CHARACTERISATION

3.5.1 UV/VIS/NIR absorption spcctroscopy

A number of different optical phenomena may be associated with the

incidence of light on a crystalline solid, including reflection, refraction, absorption,

and transmission. A variety of electronic processes may contribute to these observed

phenomena. Figure 3.3 shows a schematic representation of optical absorption as a

function of wavelength of the incident electromagnetic radiation [18- 22]. From

higher to lower energies the processes involved are optical excitation (1) to and from

energy bands with greater energy separation than the uppermost occupied band and

the next-higher-lying empty band, (2) of excitons, (3) from the uppcnnost occupied

levels to the next-higher-Iying empty band, (4) from an imperfection to a band, from

a band to an imperfection, or within the energy levels of an imperfection, (5) of free
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carriers to a higher energy state in the same band, and (6) of a Reststrahlen mode of

the lattice vibrations.

Fig 3.3 Schematic display of different types of optical absorption typically found 111

crystals. (I) Transition to high-lying bands, (2) excitons, (3) absorption edge for

valence-band-to-conduction-band transition, (4) imperfection, (5) free-carrier

absorption, and (6) Reststrahlen absorption .

• E

I

I
I

( a)

Fig 3.4 Direct optical transition between two bands with extrema at K=O



Chapter 3

(b)
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Fig 3.5 Indirect optical transition from the top of the valence band at k=O to the bottom of the

conduction band at some finite value of k.

Information about the band structure of a material can be obtained if accurate

measurements ean be made of optical absorption for photon energies near that of the

absorption edge. This is because a band structure with extrema at the same point in k

space involves optical absorption without the emission or absorption of phonons,

whereas a band structure with the conduction and valence band extrema at different

points in k space requires absorption or emission of phonons in the optical absorption

process. Since a direct transition, the one not involving phonons, has a different

dependence on photon energy from that of an indirect transition, which is the one

involving phonons, it is possible in principle to deduce which is present in a given

material by optical absorption measurements [ 24- 26].

The direct transition is a first-order process and therefore has larger values of

the absorption constant than are found for the indirect transition, which is a second­

order process. Since the indirect transition can involve a distribution of states in
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conduction and valence bands, the difference in absorption constant between the two

types of transition is not as large as might be expected.

The photon absorption in many crystalline materials is found to obey the

Taue relation given by,

(nhu) =A (hD-E) n

Here a is the absorption coefficient in eVm", hu the photon energy, A IS a

constant and the index n is connected with the distribution of the density of states.

For direct allowed transition energy gap, n= 1/2 and for indirect allowed transition

energy gap, n=2.

In the present work we have used Jasco V 570 UV/VIS/NIR Spectrometer for

charting the diffuse reflectance spectrum of the sample. It has a spectral range of 180

- 2500 nm. The experimental set up of a generic UVI VISI NIR spcctrorneter is as

shown in Fig.3.6.

Lam p

Phase sensitive Amplifier
;'1.1\d C~:;pl;1Y

Sample'J,,""", ---JI-------1[ D:tector

Fig 3.6 Schematic plot of a UV/Vis/NIR spectrophotometer

The refractive index (n) and the extinction coefficient (k) and the absorption

coefficient (a) are determined from the transmission (T) and reflection (R) spectrum

of the samples [20,24]

, 2
T= (l-R) - exp (-at) I l-R exp (-at) (3.5)

where t is the thickness of the sample and the absorption coefficient a is related to

extinction coefficient K (absorption index) by
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K= a A/ 4n
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(3.6)

For semiconductors and insulators ( k2 «n\ there exists a relationship

(3.7)

The relationship between dielectric constant E and k is given by [27]

E = Er + iEj = (n + ik)2

2 2
Er = n -k

(3.8)

(3.9)

(3.10)

Hence by analysing the UV/VIS/NIR spectrum, we can obtain the variation in the

refractive index, dielectric constant, extinction coefficient with wavelength or

energy.

3.5.2 Photoluminescence studies

Photoluminescence is a process 111 which a chemical compound absorbs a

photon with a wavelength in the range of visible electromagnetic radiation, thus

transitioning to higher electronic energy state, and then radiates a photon back out,

returning to a lower energy state. The period between absorption and emission is

typically extremely ShOI1, of the order of 10 nanoseconds. Photoluminescence

spectroscopy is a contactless, nondcstructive method of probing the electronic

structure of materials. Light is directed on to a sample, where it absorbs and imparts

excess energy into the material in a process called "photo-excitation". One way this

excess energy can be dissipated by the sample is through the emission of light, or

luminescence. In the case of photo excitation, this luminescence is called

"photoluminescence". The intensity and spectral content of this photoluminescence

is a direct measure of various important material properties [28].

Specifically, photo-excitation causes electrons within the material to move

into permissible excited states. When these electrons return to their equilibrium

states, the excess energy is released and may include the emission of light (a

radiative process) or may not (a non radiative process). The energy of the emitted

light-or photoluminescence-is related to the difference in energy levels between

the two electron states involved in the transition-that is, between the excited state
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and the equilibrium state. The quantity of the emitted light is related to the relative

contribution of the radiative process.

In the present study we have used a Flurolog 3 Spectrofluorometer (model

FL 3-22) having double excitation and emission spectrometers, with a source of 450

W xenon lamp and the detector employed is a photo multiplier tube.

3.6 SURFACE ANALYSIS

3.6.1 Optical microscopy

Structural and geometrical investigation of the surface features of a crystal is

the most fundamental step in characterizing a crystal. The surface studies also

provide information regarding the nature and distribution of imperfections in a

crystal.

The surface features and etch patterns of the grown crystal is studied using an

optical microscope attached to personal computer for viewing the microstructure of

the crystal surface. It has a large binocular polarizing microscope with versatile

functions. It can be used for bright field, dark field, polarizing light and phase

contrast. The lamp housing can be adjusted for reflected or transmitted position along

with the filter. Magnifications of 50, 100,200, 1000 times are possible with

adjustable objectives.

3.6.2 Scanning electron microscope (SEI\I)

The Scanning Electron Microscope (SEM) is a microscope that uses electrons

rather than light to form an image [9]. The SEM has a large depth of field, which

allows a large amount of the sample to be in focus at one time. It also produces

images of high resolution, which means that closely spaced features can be examined

at a high magnification. Preparation of the samples is relatively easy since most

SEMs only require that sample should be conductive. The combination of higher

magnification, larger depth of focus, greater resolution, and ease of sample

observation makes the SEM one of the most heavily used instruments in current

research and development. The electron beam comes from a filament, made of a loop
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of tungsten that functions as the cathode. A voltage is applied to the loop, causing it

to heat up. The anode, which is positive with respect to the filament, forms powerful

attractive forces for electrons. This causes electrons to accelerate toward the anode.

The anode is arranged, as an orifice through which electrons would pass down to the

column where the sample is held. The streams of electrons that are attracted through

the anode are made to pass through a condenser lens, and are focused to very fine

point on the sample by the objective lens. The electron beam hits the sample,

producing secondary electrons from the sample. These electrons are collected by a

secondary detector or a backscatter detector, converted to a voltage, and amplified.

The amplified voltage is applied to the grid of the CRT that causes the intensity of

the spot of light to change. The image consists of thousands of spots of varying

intensity on the face of a CRT that corresponds to the topography of the sample.

Figure 3.7 shows the interaction of electrons with matter in a scanning electron

microscope.

Incident Beam

SwfiKt snl5Mj..e r"!lI,oali.nlll
iII'orlnnti on

Primary Backscattered Electrons

lCathodolumin~cence I
EltdrlCllI Infol~nlllKJll.

--- ------

Sample -'-
Specimen Current

DUtJ100ulformllf1oo

Figure. 3.7 In a SEM, interaction of electron with the sample produces both photons
and electrons
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3.7 VIBRATIONAL SPECTRAL ANALYSIS

3.7.1 Fouricr transform infrared spcctroscopy

Characterisation tools and Techniques

Infrared spectroscopy is a very useful technique for characterisation of

materials that gives information about the composition and the structure of

molecules. The advantages of infrared spectroscopy include wide applicability,

nondestructiveness, measurement under ambient atmosphere and the capability

of providing detailed structural information. Infrared spectroscopy by Fourier

transform (FTIR) has additional merits such as: higher sensitivity, higher

precision, quickness of measurement and extensive data processing capability] 29­

33].

IR spectra originate tn transitions between two vibrational levels of a

molecule in the electronic ground state and arc usually observed as absorption

spectra in the infrared region. For a molecule to present infrared absorption bands it

is needed that it has a permanent dipole moment. When a molecule with at least one

permanent dipole vibrates, this permanent dipole also vibrates and can interact with

the oscillating electric field of incident infrared radiation. In order for this normal

mode of vibration of the molecule to be infrared active, that is, to give rise to an

observable infrared band, there must be a change in the dipole moment of the

molecule during the course of the vibration.

If the vibrational frequency of the molecule, as determined by the force

constant and reduced mass, equals the frequency of the electromagnetic

radiation, then adsorption can take place. As the frequency of the electric field of

the infrared radiation approaches the frequency of the oscillating bond dipole and

the two oscillate at the same frequency and phase, the chemical bond can absorb

the infrared photon and increase its vibrational quantum number by + I, or what is

the same, increase its vibrational state to a higher level.

As a first approximation, the larger the strength of the bond the

higher the frequency of the fundamental vibration. In the same way, the higher

the masses of the atoms attached to the bond the lower the wave number of the
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fundamental vibration. As a general guide, the greater the number of groups of a

particular type and more polar the bond, the more intense is the band.

The infrared spectrum can be divided into two regions, one called the

functional group region and the other the fingerprint region. The functional group

region is generally considered to range from 4000 to 1500 cm-1 and all

frequencies below 1500 cm-1 are considered ch a r act e r is tic of the fingerprint

region. The fingerprint region involves molecular vibrations, usually hending

motions, that are characteristic of the entire molecule or large fragments of the

molecule [35, 36). Thus these are used for identification of the material. The

functional group region tends to include motions, generally stretching vibrations,

which are more localised and characteristic of the typical functional groups,

found in organic molecules. While these bands are not very useful in confirming

identity, they do provide some very useful information about the nature of the

components that make up the molecule.

Basically an IR spectrometer IS composed by the source, the

monochromator and the receptor. The ideal IR source would be one that would

give a continuous and high radiant energy output over the entire IR region [34]. The

two sources in most common use are the Nernst Glower (heated up to 2200K) and

the Globar (heated to about 1500K). In general. in all IR sources the radiant energy,

which depends upon the temperature of the source, is low in the far infrared, and to

obtain sufficient energy the slit width of the source has to be opened considerably

with a corresponding decrease in resolution.

Between the source and the detector there must be some kind of device to

analyse the radiation so that intensity can be evaluated for each wavelength

resolution element. There are two basic types, namely, monochromators, used in

dispersive instruments, and interferometers used in Fourier transform instruments. In

a monochromator, a prism or a di ffraction grating is used, separating the components

of polychromatic radiation. For spectroscopic work a prism must be transparent to

the particular wavelength region of interest and the dispersion of the prism must be

as large as possible.



Chapter 3 Characterisation tools and Techniques

The final part of the spectrometer is the detector. The IR detector is a device

that measures the IR energy of the source that has passed through the spectrometer.

Their basic function is to change radiation energy into electrical energy, which can

be generated to process a spectrum.

In the case of FTIR spectroscopy the spectra are recorded in the time domain

followed by computer transformation into the frequency domain, rather than directly

in the frequency domain, as is done by dispersive IR spectrometers. To record in the

time domain, interference has to be used to modulate the IR signal at a detectable

frequency. This is done by means of the well known Michelson interferometer,

which is used to produce a new signal (interferogram) of a much lower frequency

which contains the same information as the original IR signal.

Figure 3.8 gives the schematic representation of a FTIR spectrometer. In the

FTIR instrument, the sample is placed between the output of the interferometer

and the detector. The sample absorbs radiation of particular wavelengths.

Therefore, the interferogram contains the spectrum of the source minus the spectrum

of the sample. An interferogram of a reference (sample cell and solvent) is needed to

obtain the spectrum of the sample. After an interferogram has been collected, a

computer performs a fast Fourier transform, which results in a frequency domain

trace (i.e. intensity vs. wave number).

Fig.3.8 Schematic representation of FTIR spectrometer
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Fourier transform infra red spectrum of the crystal is taken with AVTAR 370

system with a resolution of 4cm- 1 in the range 400-4000cm-1
•

3.7.2 Raman spectroscopy

The energy of a molecule or ion consists In four components that for

a first approximation can be treated separately : the translational energy, the

rotational energy, the vibrational energy and the electronic energy. When the

molecule is placed in an electromagnetic field, a transfer of energy from the

field to the molecule will occur only when the difference in energy between two

quantified states equals hu, h being the Plancks constant and u the frequency of

light.

When a molecule has n atoms there are 3n-6 independent vibrations (3n

degrees of freedom minus the three coordinates related to translational and

rotational movement). For linear molecules, there arc 3n-5 independent vibrations.

These so-called normal vibrations can be observed by different techniques but

especially by infrared and Raman scattering. Both rotation and vibration of

molecules are involved in the absorption of infrared radiation, but since

molecular rotation is not usually resolved in most infrared and Raman spectra, we

will ignore this additional consideration [35].

Raman spectroscopy is an invaluable technique for characterisation of

materials. Because of its higher resolution with respect to FTIR spcctroscopy and

its versatility and simplicity in terms of sample handling and the possibility

of acquisition of the whole spectra (4000 to 10 cm-1) with the same instrument,

Raman, and specially micro-Raman spectroscopy has actually an increasing use

versus other similar spcctroscopic techniques.

Raman spectra originate in the electronic polarisation caused by UV or

visible light. The mechanism by which the incident radiation interacts with the

molecular vibrational energy levels has its origins in the general phenomenon of

light scattering, in which the electromagnetic radiation interacts with a pulsating

deformable (polarisable) electron cloud, this interaction is being modulated by the
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molecular vibrations, i.e., it depends on the chemical structure of the molecules

responsible for the scattering.

If a molecule is irradiated by monochromatic light of frequency D having

electric field strength E, because of the electronic polarisation induced in the

molecules by this incident light, it presents an induced dipole moment P that,

at low E values, can be expressed as:

P=aE

Where a is the polarizability tensor.

In normal Raman scattering the polarizability tensor is symmetric (axy = ayx

= azy). In molecules a is not constant since certain vibrations and rotations can cause

a to vary. The intensity of a Raman band depends on the polarizability of the

molecule, the source intensity, the concentration of active groups, and other factors.

Without absorption, the intensity of the Raman emission rises with the fOUI1h

potence of the source frequency. The Raman intensities are directly proportional to

the concentration of active species [37].

Since Raman lines represent frequency differences from the incident

frequency, they arc also called Raman shifts and are designated in cm-I. They arc

independent of the excitation wavelength. As a result, the anti-Stokes lines are

weaker than the red shifted spectrum where they appear as Stokes lines. The ratio

of the intcnsities of equivalent pairs of lines Ianti- StnkjIs1okl'S falls as the vibrational

frequency increases, and decreases with temperature [38].

A typical current Raman spectrometer incorporates (tig.3.9):

I. The illumination source composed of an Nd-YAG laser, sometimes

coupled to a dye laser or a solid state titanium sapphire laser providing

tunable radiation.

2. A macro sample chamber and a classical optical microscope for

microanalysis.
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3. A dispersive system composed of a double monochromator and a

spectrograph. The two monochromators can be used either in subtractive

mode to provide a wide field to the spectrograph or in additive mode

when higher resolution is required. The double monochromator has one or

two slits in between the first and second stage monochromators.

4. The detection system, which includes a multichannel detector (a linear

diode array) and a photomultiplier connected to a single photon counter.

AUPLInCATDR
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Fig. 3.9. Schematic representation ofa Raman spcctrometer.

3.8 MICRO HARDNESS STUDIES

The term hardness has different meanings to different people, depending

upon their area of interest. It is the resistance to penetration to a metallurgist, the

resistance to cutting to a machinist, the resistance to wear for a lubrication engineer

and a measure of flow stress of the material. Micro hardness studies have been

applied to understand the strength and deformation characteristics of a material, since
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the hardness properties are basically related to the crystal structure of the material

[39]. Several investigators have used the microhardness indentation technique to

study anisotropy, deformation, glide, state of dispersions of impurity, quench

hardening, effect of irradiation and environment of dislocation mobility. Attempts

were made by various researchers to relate the hardness of a crystal with other

physical properties such as vibrational frequencies, atomic concentrations,

impurities, surface energy and lattice energy [40]. Part of the energy absorbed during

indentation is used in producing plastic deformation and the rest increases the surface

free energy. The microhardness method is employed to study the individual

structural constituent element of metallic alloys, artificial abrasives, glasses, minerals

and enamels.

Hardness value depends not only on the properties of the materials under test

but also on the conditions of measurement. In metals, polymers and organic

molecular solids, an inclentor is pressed into the surface ancl the size of the permanent

indentation mark produced is measured. In certain materials, an indentor is pressed

into the material and the hardness is determined by the extent to which it has

penetrated under load [42]. In the case of minerals and brittle solids, the scratch

produced in one material by another of specific hardness number is used to calculate

hardness. No method of measuring hardness is dependent on a single physical

property since the hardness of a material depends on its elastic and plastic

deformation characteristics. Hardness property of a material may change appreciably

as the test is applied.

In an indentation test, the initial penetration of the indentor increases the

resistance of the material to further indentation. In a wear test, the surface may

become work hardened and offer more resistance to further abrasion. Materials

having the same hardness number may have varying physical properties like forging,

drawing, stretching or rolling. Chemical forces in a crystal also resist the motion of

dislocation as it involves the displacement of atoms. Such resistance is known as the

intrinsic hardness of a crystal [41,43].

The theory that hardness is independent of load is valid only for high load

indentations. For small loads, the hardness number of some materials may increase

mJ
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with load, since less number of dislocations becomes available for slip in such small

volumes of the crystal. If more than one slip system exists, increasing the load may

activate a secondary system, thereby decreasing the hardness of the material.

Hardness also depends on time, especially for ductile materials. If stress is applied to

such a material over long period of time, creep processes come into play. Hence

contact time must remain constant form one indentation test to another.

To account for the deformation below an indenter, two models have been

postulated - skip line field and the elastic theory. The slip theory was first explained

by PrandtI, who calculated the mean stress for the onset of plastic flow upon

indentation. This theory assumes the existence of a plastic region below the indentor,

surrounded by a rigid material [44- 46]. The upward flow in the material accounts for

the volume displaced by the indentor.

The development of an elastic region beyond the plastic boundary is

predicted by the elastic theory. The displaced materials are accounted for, by an

elastic decrease in the volume of the material. When the indentation load is

removing, there is a second plastic action over a smaller volume in the opposite

direction. This theory corresponds more closel y to the flow pattern of blunt indcntor.

The stress field which develops around an indentor is complex. But the

understanding of the mechanism of slip is simplified by the fact that hydrostatic

pressure plays no part in the mechanism of slip

sA hardness tester, Leitz Miniload fitted with a diamond pyramidal indentor

attached to an incident light microscope is used for the present study. The diamond

indentor is in the form of a square pyramid, opposite face of which make an angle of

136° with one another (Figure 3.10). Indentation can be done with di fferent loads

from 5 to 250 g. The impression is of a square pyramid and has a superficial area

d2/2 sin 6So, where d is the length of the diagonal of the indentation square in

micrometers.

Vickers hardness number [He] is calculated using the relation [40).

H I \1 f i . 2P . 68°/ d2 _I 1.8544 P kg! 1V = out / area 0 IlnpreSSlon = Sl Il . g~Lm - = 1 mm-
d~

(3.11)

m
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where P is the applied load in kilograms and d is the mean diagonal length of the

indentation impression in mm.

The data obtained for P and d can be analysed by Mayer's equation [43].

(3.12)

where k I and n are constants for the material. The constant k] is usually referred to

as the standard hardness. Mayer index (n) which represents work hardening capacity

of the material can be determined by plotting log p Vs log d.

The dependence of Vickers hardness number on applied load shows different

behaviour on different materials [41-43]. In certain cases, microhardness increases

with applied load and reaches a constant value at higher loads [44-46].

Microhardness is found to decrease with increasing load and attains a constant value

after a particular load for certain crystals. For certain materials, Hv is found to have

complex load dependence. Combining Equations (3.11) and (3.12), we have

or,

Hv = 1.8544 k
l

(1+2/il) p(l-2i11)

Or.

Hv = b P (11 2}'1I

(3.13)

(3.14)

(3.15)

where b -= U~544 k,(l t
2 11 ), a new constant. The above expression shows that

Hv should increase with increase in P if 11 > 2 and decrease with the same if n < 2.

According to Onitsch [44] and Hanneman [45] n should lie between 1 and 1.6 for

hard materials and ahove 1.6 for softer ones.

According to Hays and Kendall's theory of resistance pressure [46], there is a

minimum level of indentation load (H"), also known as resistance pressure, below

which no plastic deformation occurs. Hays and Kendall have proposed a relationship

between indentation test load and indentation size by modifying Kick's law [47] as

(3.16)
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(3.17)

where k2 is a new constant and (P- W) is the effective indentation test load

considered in the microhardness calculations. Combining expressions (3.16) and

(3.17) we get:

(3.18)

Or,

(3.19).

The plot of er versus d2 is a straight line having slope k2/k l and intercept W/k,.

Elastic stiffness constant (Cid of a material can be calculated from the Wooster's

empirical relation [48] as

714CI I = Hv (3.20)

If the stiffness constant C I I is high, it reveals that the binding forces arc quite strong.

Fig. 3.10 Operation of a pyramidal indentor
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3.9 CHEMICAL ETCHING STUDIES

Characterisation tools and Techniques

When a crystal is placed in contact with a solvent, it dissolves chemically or

physically in such a way as to be consistent with its symmetry. This phenomenon is

known as chemical etching. Due to anisotropy of the crystal, the dissolution rates are

different in different directions giving rise to conical depressions with regular known

as etch pits. The sites where dislocations emerge on the surface may become such

preferential sites with appropriate choice of the solvent. Of course, probably the only

other preferential sites may be those provided by impurities on the surface. Many

workers have experimentally proved that dislocations can be revealed in the form of

etch -pits. Gilman and Johnston [49] have shown this in the most striking way in the

case of LiF single crystals.

The chemical etching of a crystal surface involves the following sequence:

The reactant/s

a) Approach the surface

b) Interact with the surface and

c) React chemically.

d) Disengage themselves from the surface.

e) Move away from the surface.

If the solvent is weak, or permitted to act only briefly, it is often observed that

it attacks the crystal at a number of isolated points, producing minute pits, called etch

pits, at these points. The shape of such a pit is consistent with the symmetry of the

crystal at that point, and etch pits can therefore be used to reveal the symmetry of the

crystal.

According to Gilman, when a perfect crystal face is exposed to a solvent,

dissolution probably begins by the nucleation of 'unit pits' of one molecule depth.

On a real crystal, dislocations may be preferential sites for nucleation of unit pits and

repeat cd nucleation at a dislocation site leads to the formation of an etch pit.

Different nucleation theories have been formulated to explain the etching
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phenomenon. Nucleation of etch pits at dislocation has been attributed to the elastic

strain associated with the dislocation which causes a decrease in the activation

energy for nucleation [50]. The screw dislocation has a shear stress field which

vanishes at the surface except at the core; whereas strain energy associated with an

edge dislocation is retained at the surface and extends to a considerable distance

beyond core.

The morphology of dislocation etch pits depends on the nature of dislocation

and on the angle at which dislocation line intersects the surface. The dislocation

perpendicular to the surface will produce symmetrical pits while any deviation from

it produces asymmetry, If the dislocations are parallel or almost parallel to the

surface, etch grooves or pits elongated in the direction of dislocation will result [51].

If the dislocation moves from its position during etching, as in the case of shallow

dislocation half loops or as a result of applied stress, then the bottom of pit becomes

flat and upon continued non preferential etching, pit is eliminated. The formation of

visible dislocation etch pit is influenced by etching rates along the dislocation line,

parallel to the surface and perpendicular to the surface, the morphology of the etch

pit will change.

Etch pits formed during etching do not necessarily correspond to dislocations.

Precipitates or impurity inclusions. clusters of point defects etc., may also lead to

etch pit formation. The reliability of an ctchant as a dislocation etch ant is usually

judged by one or more of the following tests.

1. Alternate application of the etch ant followed by mechanical or chemical

polishing: Etch pits associated with individual dislocations reappear after

each successive polishing and etching since a dislocation line cannot

terminate inside a crystal.

2. When cleavage is possible, etch patterns produced by the etchant on the two

oppositely cleaved surfaces should appear as mirror images of each other.

However, Sagar and Faust [52] and Bhatt and Pandya [53] have shown that

branching and bending of dislocations at the cleavage may result in

deviations from one-to-one correspondence of etch pits on oppositely

matched cleavage surfaces. Thus, deviation from one-to-one correspondence



Chapter 3 Characterisation tools and Techniques

of etch pits on oppositely cleaved surfaces does not always indicate

unreliability of the etchant as a dislocation etchant.

3. Wherever possible, the etch pit density should show a reasonable agreement

with the theoretically estimated dislocation density.

4. The comparison of measured distance between pits on a lineage line to those

calculated from X-ray orientation differences across the boundary may also

help in judging the reliability of the etchant as a dislocation etchant.

5. Any plastic deformation of the crystal should result in increase of etch pit

density at least in the vicinity of the region of deformation, since plastic

deformation always involves creation and motion of dislocations.

Thus chemical etching is not always an assured way of revealing dislocations,

though it has been widely used with good success. The most firmly estahlished

dislocation etchants are probably those for ADP [54] among salts, LiF and NaCI [55]

among alkali halides, molyhdenum [56] among metals, CdS [57] among

chalcogendies, and Silicon [58] and Ge [59] among semiconductors.

Etching processes are generally very complex and their detailed mechanisms

are not quantitatively understood. The etching techniques arc still based on

qualitative or empirical bases. Developing a dislocation etchant for a given material

still remains a trial and error process. Etching can be effectively used.

I. to decide whether a given solid is a single crystal, a polycrystal or an

amorphous body

2. to distinguish between different faces of a crystal

3. to reveal the history of growth of crystal

4. to determine density of dislocations

5. to determine impurity distribution in crystalline bodies.

In addition, with a highly 'qualified' dislocation etch ant, dislocation mobility

and nature and structure of dislocations can also be studied.
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3.10 DIELECTRIC STUDIES BY MICROWAVE CAVITY PERTURABTION

METHOD

Nowadays electromagnetic cavity has been identified as one of the most

popular tools to study the dielectric properties of materials. Various techniques have

been invented in using cavities for this purpose in the last 30 years. This is mainly

due to the existence of infinity of resonance frequencies in a single cavity,

representing everyone of them in its own mode. The mode with the lowest resonance

frequency is called the fundamental mode and the rest are called the higher modes.

Every single mode of the cavity has in general its own distribution or form of fields

in the cavity, giving birth to infinity of possibilities in introducing the material whose

properties are to be studied.

The cavity perturbation technique is an accurate and precise method for

complex permittivity measurements. In the present work, the non destructive,

microwave cavity perturbation technique [60- 63] in the S band is employed.

Closed section of a wavcguide constitutes a waveguide cavity resonator. The

cavity resonator can be of transmission or reflection type. Electromagnetic energy is

coupled to the cavity through coupling holes at the ends of the cavity. A nonradiating

slot is provided at the broad wall of the cavity for the introduction of the sample. The

cavity resonates at different frequencies depending on its dimensions. The schematic

diagram of the transmission type cavity is shown in Fig.3.11.

The experimental set-up consists of a transmission type S-hancl rectangular

cavity resonator, HP 8714 ET network analyser and an interfacing computer as

shown in Fig.3.12. The cavity resonator is excited in the TE IOp mode. A typical

resonant frequency spectrum of the cavity resonator is shown in Fig. 3.13. Initially,

the resonant frequency fo and the corresponding quality factor Qo of each resonant

peak of the empty cavity are determined. Samples prepared in the form of thin strips

are introduced into the cavity resonator through the nonradiating slot. One of the

resonant frequencies of the loaded cavity is selected and the position of the sample is

adjusted for maximum perturbation (i.e. maximum shift of resonant frequency with

minimum amplitude for the peak). The new resonant frequency fs and 3-dB



bandwidth and hence. the quality factor Qs are determi ned. The procedure is

repeated for other resonant frequencies.

The basic principle involved in the technique is that the field within the cavity

resonator of volume Vo is perturbed by the introduction of the dielectric sample of

volume Vs through the non-radiating slot. Dielectric material interacts only with

electric field and the contribution of magnetic field for the perturb ation is minimum.

The resonant frequency and the qual ity factor of the cavity get shifted by the

perturbation. The shi ft in the frequency is a measure of diele ctric consta nt and that in

quality factor gives the loss factor [63]. The conductiv ity of the sample can be found

out from the loss factor .

The real part e,', of the com plex permittivity is usually known as dielectric

constant. The imaginary part ~" . of the complex permittivity is associated with

dielectric loss of the materi al. The effective conductivity c is given by

0 = 0>£- =2nfeot,.'·

c,' -I =(fo-fs/2fs) (V,N,)

t;' = (Vo/4V,) (Q,,-Qs/QoQs)

The die lectric loss or loss tangent or tan&= £,' / &,"

Absorption coefficient Ilf = cr"fsl (cr•
2+ £; .2)1,2 C

o

o

-

(3.21 )

(3.22)

(3.23)

(3.24)

(3.25)

Fig. 3.11 . Schematic diagram of the cavi ty resonator.
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Fig. 3.13 Resonant frequency spectrum of cavity resonator.

3.11 NON LINEAR OPTICAL CHARECTERISATION

3.11.1 Second harmonic generation (SHG)

Quantitative measurement of the relative SHG efficiency of the grown crystal

is determined by Kurtz and Perry technique [64]. The schematic of the experimental

setup is shown in figure 3.14. Powdered crystal is densely packed between two

transparent glass slides. A fundamental laser beam of 1064 nm wavelength (7ns

pulse width with 10Hz pulse rate) from an Nd- YAG laser is made to fall normally on

the sample cell. The energy/pulse of the incident beam is measured using an energy

meter. The transmitted fundamental wave is passed over a monochrornator which



Chapter 3 Characterisation tools ami Techniques

separates 532 nm (second harmonic signal) from 1064 nm and is passed through two

successive IR filters which remove the residual 1064nm fundamental beam and is

focused to a photomultiplier tube which gives the second harmonic wave generated

by the crystal. KDP crystal, powdered to the identical size is used as reference

material. The SHG efficiency of a crystal can then be found by the formula [65],

. 12( 1) / 120)SHG efficiency, 11= sample KDP

D

c L

(3.26)

LASER BS
Detector

Fig.3 .14 schematic diagram of the SH G set up.
D- detector, C-crystal, L-lens, M- monochromator; F1, F::c-1R filters

3.11.2 Laser damage threshold studies

A Q-switched Nd: YAG (yttrium aluminum garnet) Quanta Ray laser of pulse

width 7 ns and 10Hz repetition rate operating in TEMoo mode is used as the source.

The energy per pulse of 1064 nm laser radiation is reduced by means of a variable

attenuator and is measured using an energy meter (Rj-7620, Laser Probe Inc.).

For surface damage, the sample is placed at the focus of a pIano-convex lens

of focal length of 100 mm. The diameter of the focused spot, calculated for 1064 nm

is 44 urn using the equation

d'= 2.44tA/d (3.27)

where d' is the diffraction limited beam diameter, f is the focal length of the lens at

which the sample is placed, and d is the beam diameter at the output aperture of the

laser.
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The onset of damage can be determined by various means, viz., by observing

it with microscope, by visual incandescence, or by observing the scattering of

helium-neon laser beam passing through the damaged volume. In the present

investigation, the resulting damage pattern is characterized by observing it with an

optical microscope and by scanning electron microscope. In our work, the damage

almost always occurred by the formation of white spark accompanied by an audible

tick sound.

Laser can be operated in two modes. In the single-shot mode the laser emits a

single 7 ns pulse. In the multi-shot mode the laser produces a continuous train of 7 ns

pulses at a repetition rate of 10Hz. To determine the single shot damage threshold,

the sample is irradiated at different spots on the same crystal at different pulse

energies. This is done to avoid the cumulative effects resulting from multiple

exposures [66, 67]. Once the single shot damage threshold (Pj ) is determined, the

multiple shot experiment is carried out by keeping the power level slightly lower

than the single shot value and subjecting the same point of the sample for exposure

until damage occurred. According to Nakatani et al., [68] the multiple shot damage

threshold (Pn) value is determined as the maximum power level at which the crystal

remains undamaged even after exposing it to 1800 pulses.

3.11.3 Z Scan measurement of optical nonlinearity

There is considerable interest in finding materials having large yet fast

nonlinearities. This interest is driven primarily by the search for materials for all­

optical switching and sensor protection applications, which concerns both nonlinear

absorption (NLA) and nonlinear refraction (NLR).

The Z-scan technique is a method which can measure hoth N LA and N LR in

solids particularly in liquids and liquid solutions [69, 70]. It has gained rapid

acceptance as a standard technique for separately determining the nonlinear changes

in index of refraction and changes in absorption. This acceptance is primarily due to

the simplicity of the technique as well as the simplicity of the interpretation. The

index change, An, and absorption change, Au can be determined directly from the

data without resorting to fitting.
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In a typical z-scan experimental setup (Fig.3.15), a laser beam with a

Gaussian profile is initially focused by a lens. The sample is then moved along the

axial direction of the focused beam in such a way that it moves away from the lens,

passing through the focal point. At the focal point the sample experiences the

maximum pump intensity, which will progressively decrease in either direction of

motion from the focus. If a light detector is placed in the far field and the transmitted

intensity is measured as a function of the position of the sample, one obtains an

"open aperture" z-scan curve, the shape of which will reveal the presence of any

absorptive nonlinearity in the sample. On the other hand, if a properly chosen

aperture is placed in front of the detector, a "closed aperture" z-scan curve IS

obtained which will reflect the occurrence of refractive nonlinearities.

In the present work, the second harmonic output of a hybrid mode-locked

Nd: YAG laser operating at to Hz repetition rate having output 532nm is used. The

crystal is fixed on a microprocessor controlled translation stage that has a range of 30

cm and a resolution of 2 microns, so that it can be accurately moved through the

focal region of the laser beam. A fast photodiode monitors the input laser energy,

and a large area photodiode collects the transmitted beam. For the closed aperture

measurements, a suitable aperture is placed in front of the photo diode. Data

acquisition is facilitated in real time by the use of a PC.

L

Nd-Yag laser

PD -z +z

PD

Fig.3.t5 Z scan experimental set up
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There are two type of nonlinear absorption present in NLO materials. One is

saturable absorption (SA) and the other one is reverse saturable absorption (RSA).

In SA, open aperture Z scan curve result in a peak at the focus (Z=O) and in RSA, a

valley results at the focus.

The intensity dependent nonlinear absorption coefficient a(I) can be written

In terms of linear absorption coefficient a and two photon absorption (TPA)

coefficient Pas [71]

u(I) = a+ pI (3.28)

The RSA coefficient Pcan be obtained from a best fitting performed on the

experimental data of the OA measurement with the equations (3.29) and (3.30)

where T is the time, I(z) is the irradiance and L is the optical path length.

T(Z)= ---.2., J+I In [1 + Q(z)]e- rz dr
Q(Z)VTr -I

-aL
Q(Z)= PI(Z)~

"

(3.29)

(3.30)

where is the effective path length Lef f

In a closed aperture (CA) Z scan, the resulting peak-valley configuration

suggests that nonlinear refractive index is negative. In other words, if the nonlinear

refracive index is positive, CA curve represnts a valley followed by peak.

The nonlinear refraction coefficient n2 (m2/W) is obtained through the

following equation

(3.31 )

In the above equation the phase shift ~(I)(I is equal to 2IT/A n2 10 Ld f .
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The difference between the normalized transmittance at the peak and valley is

related to L\<Doby the relation

~Tp->v =0.406 (l-S) 0.25 ~(Do (3.32)

The molecular hyperpolarizability, y, may be obtained with the equation below [72]

(3.33)

The real and imaginary parts of the X(3) of the sample can also be calculated by the

following equations [73, 74]

3 ) 2
Re X (esu) = (cno-/ 120n ) "2,

Im x3 (esu) = (cn(/£o/, /2n) B
(3.34)

(3.35)

Introducing the coupling factor p, the ratio of imaginary part to real part of third­

order nonlinear susceptibility,

(3.36)

If the observed value of coupling factor is seen to be less than 1/3, it indicates that

the nonlinearity is electronic in origin [75].
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GROWTH AND CHARACTERISATION OF
GLYCINIUM OXALATE SINGLE

CRYSTALS FOR NONLINEAR
OPTICAL APPLICATIONS

4.1 INTRODUCTION

In recent years, one has witnessed increasing interest in the study of amino

acids and their derivative crystals. This interest has been stimulated by the

perspective of understanding a system where the hydrogen bonding plays a

fundamental role and. as a result of this understanding, a better knowledge of some

important biological molecules can be achieved. Amino acid crystals usually display

large nonlinear optical (NLO) response and are potential candidates for applications

in the emerging areas of photonics [1]. Molecules that show asymmetric polarization

induced by electron donor and acceptor groups are responsible for clcctro optic and

NLO properties [2].

Glycine (NH 2CH2COOH amino acetic acid) is the simplest a1111110 acid,

which is hydrophilic polar in nature. It is the only protein- forming amino acid

without a ccnter of chirality. Glycine helps to trigger the release of oxygen to the

energy requiring cell-making process. It is necessary for the manufacture of

hormones in the human biological system that builds a strong immune system [3].

Glycine exhibits polymorphism. It grows in many forms; such as the stable n form­

and y- form (optically active showing SHG) and the unstable ~- form [4]. The

single crystals of y-glycine and a-glycine may be obtained by slow cooling of

aqueous solution of glycine [3, 4]. The crystal of a- form is metastable in aqueous

solution and it transforms into y-fonn spontaneously [5]. While glycine can exist as

a neutral molecule in the gas phase, it exists as zwitterions in solution and in the solid
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4.2.2 CHN analysis

Growth ami characterisation of glycinium oxalate single
crvstals for nonlinear optical applications

The chemical composition of the grown GLO crystal determined by carbon,

hydrogen, nitrogen (CHN) analysis using VarioEL III CHNS serial

number11035060 is compared with the theoretical values of carbon, hydrogen and

nitrogen present in the crystal and is shown in Table 4.1. From the results, the

composition of the material is established as C4H 7N0 6.

Table 4.1. CHN analysis data.

Theoretical Measured
Element composition composition

(%) (%)

Carbon 29.07 28.72
._.

Hydrogen 4.24 4.42
----

Nitrogen 8.48 8.50
_._----

4.2.3 X-ray powder diffraction studies

The powder X-ray diffractogram of the GLO crystal shown in Fig.4.2 is

registered with Bruker D8 advance diffractometer operated at 40 KV and 50mA,

using Cu target and graphite monochrornator. The intensity data is recorded by

continuous scan from 5° t060' with a step size of 0.02°and scan speed of 4'/minutc.

The structure, refined by Pawley method [7] using the TOPAZ R version 3

program is given in table 4.2, which agrees well with the reported values [6].
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Fig 4.2 Powder XRD pattern ofGLO crystal

Table 4.2 XRD data ofGLO crystal

Symmetry cell monoclinic

Space group P2 1 ! C

Crystallite Size(nm) 200.2

Lattice parameters

a (A ) 10.50

b(A) 5.65

c (A) 12.04

u=y 90

betal") 113.57

Volume(AI\3) 715.68

4.2.4 UV/Vis/NIR spectrum and evaluation of linear optical constants

The UV/Vis/ NIR spectrum plays a vital role in identifying the potential of a

NLO material because a given NLO material can be of utility only if it has a wide

transparency window without any absorption at the fundamental and second

harmonic wavelengths [8J. The UV-Vis-NIR spectrum of the sample in the range
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200nm- 2500nm is recorded with Hitachi U3140UV-VIS-NIR spectrophotometer

and is shown in FigA.3. It is evident that the crystal has a transparency window from

324nm to 2500 nm making it suitable for applications in the whole region for higher

harmonic generation. The absence of absorption of light in the visible region is an

intrinsic property of all the amino aeids [9].

1.11

.~

1.5

......
~s
'".c 1.2-f.

n.t)

25U sun 7SU 1000 12S0 1SOU 1750 20lHl 22S0 2S00

Wayclcnglh(nm)

Fig 4.3 UViVlS/NIR Spectrum ofGLO

The absorption coefficient a which depends on the wavelength ), can be

obtained by using the following relation. When scattering effects are neglected, the

absorption coefficient may be expresses by

aim = A (ahu - Egt

where A is a constant nearly independent of photon energy and Eg is the optical band

gap. For the indirect allowed transitions n = 2, but, for the direct allowed transitions

n = 0.5 [10]. The plot of (ahu)2 versus hv for the GLO crystal is shown in fig(4A) .

The X-axis intercept of the plot will give the band gap energy. The band gap of GLO

crystal is found to be 3.9 eV.
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Fig.4.4 Plot of(ahu)2 versus hv for the GLO crystal

The optical constants such as refractive index (n) and the extinction coefficient(k)

and the absorption coefficicnt( (1) are determined from the transmission (T) and

reflection (R) spectrum based on the following relations [11, 12].

? )
T= (I-R) - exp (-at) 1 I-R- cxp (-r1t) (4.1)

where t is the thickness and the absorption coefficient a IS related to extinction

coefficientk (absorption index) by

K=at./4n (4.2)

For semiconductors and insulators (where k2 « n2
) there exists a relationship

between Rand n (refractive index) given by [13, 14]

R = (n - 1)21 (n + 1)2 (4.3)

The relationship between E and k is given by [15] E = E. + is, = (n + ik)2 (4.4)

The real part Er and imaginary part Ej of the dielectric constant is given by

(4.5)

(4.6)
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The variation of refractive index, extinction coefficient and dielectric

constant with energy In the range 1-6 ev is shown in figures 4.5, 4.6 and 4.7

respectively. The linear optical constants evaluated using the present study are

utilised for the determination of the nonlinear optical constants of the crystal.
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Fig. 4.5 Plot of variation of n with energy
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4.2.5 FTIR and FT Raman spectral analysis

The FTIR spectrum of the grown crystals, recorded in the wave number range

from 400cm-1 to 4000cm"' using Thermo-Nicolate Avatar 370 system is shown in

figure (4.8). The FT Raman spectrum of the powdered sample (Fig.4.9) is recorded

with BRUKER RFS 1GO/S system with a resolution of 4 cm-I using a standard

InGaAs detector with a laser source of 150 mW with a resolution of 4cm"1 in the

range 400-4000cm-I.

The vibrational analysis of glycinium oxalate is pcrfonned on the basis of

vibrations of the glycinium ion consisting of amino, methylene, carboxylic groups

and the oxalate ion and is given in table 4.3.

For saturated amines, it is established that the asymmetric NH 2 stretch

-I
will give rise to a band between 3380 and 3350 cm ,while the symmetric stretch

-I
will appear between 3310 and 3280 cm [16]. But the protonation of NH2 group

-I
can produce a shift in band position towards the range 3300-3100 cm for
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-)
asymmetric stretch and 3100-3000 cm for symmetric stretch as appeared in

glycine derivatives [17, 18]. Further, the NH3+stretching bands are broader and

weaker in IR than those arising from the uncharged NH2 groups [19, 20]. The

infrared spectrum shows a very broad intense band observed at 3224
-]

cm corresponding to NH3+ asymmetric stretching mode. The position and

broadness of this band clearly indicate the presence of NH/ group in the crystal.

Thus, the protonation of the amino group can be inferred from the vibrational

spectra. The NH3+symmetric stretching frequencies are overlapping with vibrations

of CH 2 group.

The NH3+ asymmetric and symmetric deformation mxles appear m the

regions 1625-1560 cm'l and 1550-1505 cm'] respectively [21]. The strong bands

at around 1623 cm·
1

and band at 1593 cm') in IR and corresponding Raman bands

1 ,I
at 1621 cm' and at 1595 cm , are assigned to the parallel and perpendicular

asymmetric NH.'deformation modes, respecti vely [I 7]. The NH3+ symmetric

·1
deformation mode occurs in the IR spectrum as a very strong band at 1507 cm .

The corresponding Raman bands of NH3- are also observed in the same region. The

·1
NH3+ rocking modes occur at frequencies around 1100 cm for glycine and its

derivatives and exact band position depends, on the position and strength of the

·1
hydrogen bond [22]. The IR bands at around 1090 and at 964 cm and the

-I
corresponding Raman bands at around 1099 and at 962cm are assigned to parallel

and perpendicular NH/ rocking modes, respectively [17]. The medium intense

·1
band in IR at 480 cm is assigned to the NH)+ torsion mode.

For amino acids, the asymmetric CH 2 stretching vibrations are generally

observed in the region 3100-3000 cm'], while the symmetric stretch will appear

·1
between 3000 ancl 2900 cm [24-26]. The CH 2 asymmetric vibrations are observed as

-1
strong band in Raman spectrum at 3033 cm ancl medium shoulder in IR at 3032

-I
cm . The symmetric stretching also observed as an intense sharp band in Raman at

2975 cmland medium intense shoulder in IR at 2979 cm· l
. The bands
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O-H bending of glycinium.

corresponding to scissoring, wagging and rocking vibrations of CH2 appear at

-I
1433, 1322 and 1042 cm in the IR spectrum. The frequencies at 1434, 1321 and

-I
1039 cm in Raman spectrum are assigned to CH 2 scissoring, wagging and

rocking modes, respectively, which are supported by the results rep0l1ed on glycine

derivatives [26-29].

-I
The Carbonyl stretching vibrations are found in the region 1780-1700 cm

,[

[16, 21]. The sharp intense band in IR spectrum at 1713 cm can be assigned to c=o
-I

stretching vibration, which is also observed in Raman at 1710 cm as a strong band.

The COO bending, wagging and rocking vibrations are observed as intense bands in

the IR spectrum in the expected regions [24] at 712, 579 and 519 cm", respectively.

-I
The less intense Raman band arising from bending is also found at707 cm . This

mode has been assigned to the COO wagging mode in literature [23-26]. The

absorption bands arising from C-N and C-C stretching vibrations are usually
-I

observed in the region 1150-850cm [21]. The CC stretching is observed as an

-I
intense band at 864 cm in IR spectrum and the corresponding Raman band at 873

-I
cm . It is assigned that the NH 3 rocking, CH 2 rocking and C -C stretching modes

-1-1
overlap to give the most intense band observed at 897 cm in IR and at 893 cm

in Raman, respectively. Earlier reports [22, 23-26] have given this mode as C-C

stretching. However, dcutcratcd studies [30] have indicated that this band has

undergone shift on deuteration of NHJ group. Hence it is reasonable to assume that

the vibrational interaction involving NHJ rocking, CH 2 rocking and C -C is

-)

responsible for the most intense Raman band at 893 cm and not the pure C -c
stretching as reported in literature.

The stretching vibration of the hydroxyl group of oxalate appears as a very

weak shoulder in lR at 3589 cml. The hydroxyl bending mode at 1370 cm-) in

Raman and 1371 cm -1 in IR arises due to the 0 -H bending of carboxylic group of

-I
oxalates while, the weak band at 1412 cm in Raman spcctr~ondsto the

'\'le.,' "8';:"'~
~· ....I r..q

~~ ''f>
I ,,~ '.\
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The present study highlights the presence of NH 3+ ion in the crystal

confirming protonation of the amino acid group leading to the formation of

glycinium oxalate molecule. Noncentrosymmetry is one of the decisive criterion for

a material to be NLO active, particularly SHG active. For a noncentrosymmetric

material, there exists an exact match between the infrared and Raman wave numbers.

In the vibrational spectra of GLO, there is excellent matching between vibrational

bands of the infrared and Raman spectra. The result of the XRD analysis also

reveals that the material is noncentrosymmctric. Thus the NLO activity of GLO

crystal is confirmed from the vibrational spectrum.
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Fig. 4.8 FTIR spectrum of GLO crystal
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IR band Raman band
Assignment of vibrationsPositions (cm") Positions (cm")

481 NH, ' torsion mode.

518 COO rocking mode.

582 590 COO wagging rnode/Cl-l, out of plane bend

670 672 COO out of plane bending

708 707 COO in plane bending mode.

869 873 C- C stretching mode.

901 NH~ rocking/Cl-l, rocking in

972 962 NI-I, rocking

1015 0-1-1-0 stretching mode.

1037 1039 CI-I2 rocking out vibration.

1098 1099 IINlh rocking mode.
..~ --

1118 C-N stretching mode

1231 1223 C-O stretch/O-H in plane bend

1322 1321 CH2 wagging vibration.
_m

1429 1434 CI-I 2 bending deformation.

1509 NB1 ' symmetric stretching mode.
.~-

1594 1595 NI-I; assymrnetric deformation

1716 1710 C=O stretching mode.
--- --

1922 C-C overtone

2873 2873 O-H stretching

2974 2975 Cl12 symmetric stretching mode.

3033 3033 Cl l, assymetric vibration

3229 NH1+ assymetric stretching mode.

Table 4.3 Vibrational assignments
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4.2.6 THERMAL ANALYSIS

Growth and characterisation of glycinium oxalate single
crystals (or nonlinear optical applications

The thermal properties of the OLD crystal are studied using thenno

gravimetric analysis (TOA) / differential thermal analysis (DTA) and differential

scanning calorimetry (DSC). Powdered sample of 6.945 mg glycinium oxalate is

analyzed in N2 atmosphere by using Perkin Elmer Diamond TOA / DTA equipment.

The analysis is carried out simultaneously in air at a heating rate of 10°C / min for a

temperature range of 28°C to 810°C. The TOA/DTA curve is shown in Fig. 4.10.

Quite interesting and important point to be noticed is the very good thermal stability

of the material up to 190°C. The absence of water of crystallization in the molecular

structure is indicated by the absence of weight loss around 100°C. The cndothennic

peak in the DTA curve at 179°C represents the melting point of the sample. Another

important observation is that there is no phase transition till the material melts and

this aspect enhances the temperature range for the utility of the crystal for NLO

applications. Further there is no decomposition up to the melting point. This ensures

the suitability of the material for possible applications in lasers, where the crystals

are required to withstand high temperatures. After 190°C, there is decomposition,

illustrated by the loss of mass in the temperature range 190°C to 240°C. In this

region the gaseous fragments like carbon dioxide and ammonia might be librated.
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The specific heat at constant pressure Cp of the crystal is estimated from the

DSC curve using the ratio method (3 J]. In this method, base line corresponding to

the temperature range of interest is first obtained. After this, two independent DSC

runs are performed under identical conditions; one with weighed quantity (m' ) of u­

Ah03 and the other with a weighed quantity (m) of the sample. Then the specific

heat Cp of the sample can be determined by using the relation

Cp/Cp' ~ rn' y I my' (4.7)

where Cp' is the specific heat of a-Ab0 3. y and y' are the ordinate

deflections of the sample and reference standard respectively. Figure 4.11 depicts

the DSC runs perfonn ed for the baseline, reference standard and the sample under

the same heating conditions and figure 4.1 2 gives the variation of specific heal of the

sample within the temperature range of interest.
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Fig.4.12 Temperature dependendnce of specific heal

DSC run performed on the sample reveals that there is no phase transition up

to its melting point and it agrees well with the TONDTA analysis reported earlier

[32}. I1 is found that Cp increases linearly in the temperature region of interest The

specific heat value of GLO crystal at 333K is 898Jlkg K. Due to its relatively large

Cp, OLD crystal need larger quantity of heat energy to get heated up. so that

consequent damage due to localised heating can be avoided, which enhances its

prospects for applications in laser assisted devices.

4.2.7 Vickers' microhardn ess

Microhardness measurement on the (010) surface of the crystal was done for

applied loads (P) from 5 gms to 100 gms with a dwell time of 5seconds using l eitz

Miniload Hardness tester and the average indentation diagonallength(d) is measured.

Figure (4.13) illustrates the Vickers micro hardness profile [33J of the crystal

calculated using the formula

H, = 1.8544 P/d' Kg/mm'

• "',' ." ". ,." I" . '1 , ,.. . :' ', , : , •." ' "

. . , I'" • , I-- i" , '" ' ' 'd" " " " h !' ~ ' " ,. ' " " 'p' ,..•••• ,,,

(4.8)
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Increase in microhardness with increase of load in the low load region can be

attributed to the heaping up of material at the edges of impression made by the

indentor due to the slipping of layers [34]. At higher loads, slipping of layers stops

which in turn hardens the crystal. Since crack initiation and material chipping

become significant beyond 50 g of the applied load, hardness test could not be

carried out above this load. Elastic stiffness constant C I1 for various loads, which

gives an idea about the tightness of bonding between neighboring atoms, IS

calculated using Wooster's empirical formula [35] and is given in table 4.4.

CII= (H v) 7'4 (4.9)

Table 4.4 Variation of CII with load.

Load(gm) Hv (kg/mm') C ll (GPa)

5 24 1.1466

10 28 3.373

15
,.,,.,

10.65.1.:)

25 42 57.63

50 59 62.21

The slope of the Mayers' plot of log P versus log d shown in figure 4.14

yields the Mayers index number 'n' which in the present case is found to be equal to

3.3. According to Onitsch [36] and Hanneman [37] on' should lie between 1 and 1.6

for hard materials and above 1.6 for softer ones. Hence GLO belongs to softer

material category. According to Hays and Kendall's theory of resistance pressure

[38], there is a minimum level of indentation load (W) also known as resistance

pressure below which no plastic deformation occurs. 'W' can be found out by

drawing a graph between d'' and d2 which yields a straight line us shown in figure

4.15 according to the equation

(4.10)

Where k l and k2 are material constants. The value ofW is calculated as 19.2 gm.
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Vickers microhardness study on solution grown GLO crystals reveals that the

Vickers hardness number Hv increases with increase in load and the sample belongs

to soft material category as Meyer's index number 'n' is greater than 1.6. From Hey

and Kendall's theory of resistance pressure, the minimum load that induces plastic

deformation in GLO crystal is 19.2 gm which shows that the mechanical property of

the crystal is quite good. The stiffness constant ell is quite high, revealing that the

binding forces between the ions are quite strong.

4.2.8 Chemical etching studies

Good optical quality crystals free from defects are used for micro

topographical studies using Leica Q Win Systems metallurgical microscope to check

the presence of features like spirals, hillocks, slip lines ...... etc as they yield

considerable information about the growth mechanism [39,44]. We have observed

two dimensional growth layers of small step height on the free surface of almost all

the crystals (Fig.4. t 6.a). Pattems like spirals, striations, slip bands, etc. are absent in

the present study. The transmission photomicrograph of the inclusions present in the

crystal is shown in Fig.4.l6.b. A variety of parameters such as non-uniform growth

rates, variation in super saturation during growth due to transition from dissolution to
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growth are responsible for these types of patterns. Kitamura et a1. [40) pointed out

that liquid inclusions getting trapped parallel to the interfaces are due to drastic

changes in growth conditions. GLO crystals show sharp cleavage on (010) plane,

which shows river patterns and rivulets.

Chemical etching studies are carried out on the as grown and cleaved GLO

crystals to study the symmetry of the crystal face from the shape of pits and the

distribution of structural defects. First, the crystal is completely immersed in the

etchant and then cleaned and dried and the etch figures are observed in the reflection

mode. A mixture of n-propyl alcohol and distilled water is used as chemical

polishing agent. FigA.16.c shows the pyramidal hillock with a circle at the middle

portion formed by etching with dilute propionic acid. When the surface dissolution is

low, the surface is smooth and the increased dissolution at dislocations can lead to

terracing [41,45}. A composition of water in acetone in the ratio 1:5 volume is found

to produce triangular etch pattern on the (010) surface when etched for 5-10 seconds

is shown in FigA.16.d. When etched with water, fast dissolution layers are formed

and are shown in figure 4.16.e. When etched with a mixture of acetic acid, methanol

and distilled water circular etch pits are formed FigA.16.f On successive etching no

spurious development of pits is observed which suggests that etch pits are produced

at the emergence of dislocation. It was found that propionic acid (50%) and formic

acid (60%) and sulphuric acid in the volume ratio 8: 1:1 produces etch pits with their

sides parallel to [010) and [110] directions(figA.16.g). The shape of etch pits reflects

the slow dissolution rate along the directions parallel to the sides of the pits [42,43).

Thus the dissolution rate along a [110) direction is faster than that along a [0 I0)

direction as seen from the structure of etch pits produced by this etchant. A hackle

like pattern observed on the figure upon cleavage is shown in fig. 4.16.h. When the

grown crystal is taken out from the solution and dried quickly, tree like structures are

fanned (figA.16.i). These dendrites are due to fast evaporation, which cause uneven

growth resulting into the formation of dendrites. An indentation fracture pattern is

represented by the photomicrograph 4.16.j. Slip bands and fracture lines are clearly

visible in the figure. Following interesting features are noteworthy regarding the

pattern observed in dynamic indentation. It can be seen that there arc four prominent

cracks forming a shape of letter 'V' on two opposite sides of the indentation mark

mE
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occupied by the regions of twin bands; whereas. on two other sides there are. no such

prominent cracks. The cracks observed in the regions devoid of twin bands are quite

short, less prominent in appearance and frequently curved as is seen in the

photograph . The cracks forming the ·V · shape also run mostly along the terminations

of the twin bands indicating the way in which the crack nucleate and propagates.

Fig. 4.16.a . 2D layers ( " 100) FigA.16.b Inclusions r-100 )

Fig.a.le.c pynlmidal etch hillock ( ~ l oo ) Fig..·t 16.d triangular etch pits (" 100 )

• •• • •, • • •• • •• •• • ••• • •
•• • •• •• • •• 0• • 0•

0 ,
• 0 •

0 •

FigA.16.c. Fast dissolution layers ( x 100) Fig.4.16.f. Circular etch pits (x I00)

•
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Fig.4.16.g. Elongated etch pits ( x100) FigA.16.h. Hackle like pattern (x100)
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Fig.4.16.i Tree like dendrites ( x lOO) Fig.4.16.j. Indentation fracture (x100)

4.2.9 Microwave dielectric studies

Very little is known about the microwave absorption characteristics of NLO

organic crystals. An understanding of the dielectric properties of the nonlinear

optical GLO crystal is essential as far as device applications at various frequency

ranges are concerned. Hence in the present work, the dielectric parameters of the

GLO single crystals are investigated at S band microwave frequency using the

resonant cavity perturbation method [46.47).

The cavity is made from a S-band wave-guide with both ends closed. The

length of the resonator cavity determines the number of resonant frequencies. The

resonator is excited in the TE\I)p mode. The resonant frequency ' 10 ' and the

corresponding quality factor 'Qe' of each resonant peak of the cavity resonator.

without sample placed at the maximum of the electric field, are noted. The

•
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sample is introduced into the cavity resonator through the non-radiating slot. The

resonant frequencies of the sample loaded cavity are selected and the position of the

sample is adjusted for maximum perturbation (that is, maximum shift of resonant

frequency with minimum amplitude for the peak). Th e new resonant frequency fs

and quality factor Qs are determined. The procedure is repeated for othe r

re son ant frequenci es . The frequency dep end en ce o f effecti ve conductivity,

dielectric constant and dielectric loss and absorpt ion coefficient are plotted in

figure.4.17

From the figure it is clear that variation of dielectric constant with increase in

microwave frequency in the S band is negligible. Dielectric loss is very negligible

throughout the S band. The very low value of dielectric loss is an indication of the

better crystallinity of the crystals formed [48] . Samples with low dielectric loss are

needed for devi ce applications. Conductivity is also very small indicating that

sample is an insulator to micro waves in the frequency range 2-3 GHz. It is found that

absorption coefficient increases slightly with frequency. The exact dielectric

behaviour of the material throughout the entire microwave frequency is to be found

out.
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4.2.10 Photoluminescence studies

Photo-luminescence spectrum (PL) is recorded with a Jobin Yvon

Spectrofluorometer (Model FL3-22). A 450 W xenon lamp is used as the source and

PMT (Model R928P) as the detector. Double gratings are used for the excitation and

emission spectrometers. Excitation wavelength used is 260 nm. PL spectrum of

GLO crystal recorded is shown in figure 4.18.
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Fig. 4.18 Pl spectrum ofGlO

The main contribution to the HOMO state comes from the mono ionised

oxalate ions, while to the lUMO state comes from the NH3+ Ions. In OlO

molecular chains, these two molecular orbitals are at opposite extrema. So, in

the interband transitions, the electron has to cross the whole chain, loosing energy to

the vibrational modes of the crystal, contributing to the luminescence. Peaks in the

visible region can be assigned to lattice related processes, while the peaks in the UV

region can be due to the relaxation of excited molecular states. The maximum

intensity peak at 470nm is assigned to a lattice related process. The intense PL

emission observed at 470nm is significant from the view point of application of this

material as bio compatible capping agents for nano particles in bio medical imaging

and targeted drug delivery applications [49].
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The second harmonic generation behaviour of the powdered material is tested

using Kurtz and Perry method [50]. A high-intensity Q switched Nd: YAG laser (A

= I064 nm) with pulse duration of 7 ns and frequency repetition of 10Hz is passed

through the sample. The SHG behaviour is confirmed from the output of the laser

beam having the bright green emission (A = 532 nm) from the specimen. The second

harmonic signal of 110 mV was obtained for an input energy of 3.0 mJI pulse, while

the standard KDP give a SHG signal of 120 mV for the same input energy. The

second order nonlinear efficiency will vary with the particle size of the powder

sample [51]. It has been found that vacancies influence the nonlinear optical

properties of organic crystals, particularly the SHG [52].

It has been generally understood that the second-order molecular non1inearity

can be enhanced by systems with strong donor and acceptor groups [53,54]. Since a

large molecular hyperpolarizability y is the basis of a strong second harmonic

generation (SHG) response, organic molecules that usually exhibit large y values arc

certainly candidate molecules for NLO applications.

Table. 4.5 gives a comparison of the second harmonic generation in the GLO

crystal with KDP crystal for different laser inputs.

Table 4.5 SHG data

Laser input KDP GLO crystal

3.0 mJ 120mV 110mv

5.0 m] 211mV 198mv

4.2.12 Laser damage threshold studies

One of the decisive criteria for a NLO crystal to perform as a device is its

resistance to laser damage, since high optical intensities are involved in nonlinear

processes [55].
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The laser damage threshold measurement is made on cleaved GLO single

crystal (010) surface using a Q-switched Nd: YAG laser for 7 ns laser pulses

operating in (TEMoo) mode at a wavelength of 1064 nm. The output intensity of the

laser is controlled with a variable attenuator and delivered to the test sample located

at the near focus of the converging lens. The lens with a focal length of 10 cm is

used, which is useful in setting the spot size to the desired value according to the

equation.

d'= 2.4 OJ d (4.11 )

where d' is the diffraction limited beam diameter, f is the focal length of the lens at

which the sample is placed, and d is the beam diameter at the output aperture of the

laser.

The sample is mounted on a holder which is used to position the different

sites in the beam. Single and multiple laser damage measurements are made on the

cleaved face of the grown crystal. In the present study, the laser damage threshold

energy density for the single shot is found to be 15.5 GW /crn' and that for the

multiple shot is found to occur at laser power of 11.5 GW/em2
. The laser damage

threshold value is lower when the crystal is subjected to multiple shots. It reveals the

fact that single shot damage threshold is higher than multiple shot damage. Figure

4.19 (a) and (b) depicts the laser damage pattern observed on the (010) crystal

surface for single shot and multiple shot. Striation pattern of unequal width observed

on the surface is depicted in figure 4.19 (c); the cause of which can be attributed to

be of thermal origin. Since GLO has a room temperature specific heat of 898 J kg-)

K- 1
, one can expect a high threshold value for laser damage and that is what we have

observed in our investigation. Apart from the thermal effect, multiphoton ionization

is an important cause of laser-induced damage [56]. For the pulse widths of several

nanoseconds, the thermal effects are unavoidable, while for the pieosecond pulse

widths, the thermal effects are negligible. This is because the thermal effects take

several nanoseconds to buildup and could take several milliseconds to decay [57].

The observed damage threshold value is greater than that of other known NLO

organic single crystals [58-60].
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4.2.13 Z Scan measurement of the optical non linearity

There is considerable interest in finding materials having large yet fast

nonlinearit ies. This interest is driven primarily by the search for material s for all­

optical switching and sensor protection applications. which concerns both nonlinear

absorption (NLA) and nonlinear refraction (NlR).

The Z-scan technique is a method which can measure both NLA and NlR in

solids. particularly in liquids and liquid solutions [61. 62]. and has gained rapid

acceptance as a standard technique for separately determining the nonlinear changes

in index. of refraction and changes in absorption. This acceptance is primarily due to

the simplicity of the technique as well as the simplicity of the interpretation. The

index. change. en. and absorption change. &a can be determined direc tly from the

data without resorting to fining.

•
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In a typical z-scan experimental setup, a laser beam with a Gaussian profile is

initially focused by a lens. The sample is then moved along the axial direction of the

focused beam in such a way that it moves away from the lens, passing through the

focal point. At the focal point the sample experiences the maximum pump intensity,

which will progressively decrease in either direction of motion from the focus. If a

light detector is placed in the far field and the transmitted intensity is measured as a

function of the position of the sample, one obtains an "open aperture" z-scan curve,

the shape of which will reveal the presence of any absorptive nonlinearity in the

sample. On the other hand, if a properly chosen aperture is placed in front of the

detector, a "closed aperture" z-scan curve is obtained which will reflect the

occurrence of refractive nonlinearities.

The laser used is 532 nm, 7ns pulses from the second harmonic output of a

hybrid mode-locked Nd: Y AG laser operating at 10Hz repetition rate. The crystal is

fixed on a microprocessor controlled translation stage that has a range of 30 cm and a

resolution of 2 microns, so that it can be accurately moved through the focal region

of the laser beam. A fast photodiode monitors the input laser energy, and a large

area photodiode collects the transmitted beam. For the closed aperture

measurements, a suitable aperture is placed in front of the photo diode. Data

acquisition is facilitated in real time by the use of a PC.

In the open aperture z scan, the open aperture transmission normalized to the

linear transmission of the sample is plotted against the sample position measured

relative to the beam focus is shown in figure 4.20. Nonlinear absorption in the

present study is indicated by a smooth valley-shaped curve, symmetric about the

focal (z= 0) position. The RSA coefficient ~ (m/W) can be obtained from a best

fitting performed on the experimental data of the OA measurement with the

equations (4.12) and (4.13)[70] where a and Bare the linear and effective third order

NLO absorption coefficients, respectively, T is the time, I(z) is the irradiance and Lis

the optical path length.

T(Z)= ---.!.,- J+f In [1 + Q(z)]e-T2 d.
Q(z)vrr -I

(4.12)
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Q(Z)= ~I(Z) l-e-
a L

fl
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(4.13)

(4.14)

-aL
where ~ is the effective path length LefT

u

The value of the non linear absorption coefficient ~ is found to be equal to be 7.429

cm/GW.

Figure 4.21 shows a typical closed aperture z scan, obtained for glycinium oxalate

crystal. The peak-valley structure of the curve is a clear indication of a negative

refractive nonlinearity exhibited by the medium [62]. The nonlinear refraction

coefficient n2(m2/W) is obtained through the following equation

6,(Do= kn- 10 LefT

In the above equation the phase shift 6,(1)0 is equal to 27r/)" n2 10 Leff.

The difference between the normalized transmittance at the peak and valley is related

to 6,(Doby the relation

6,T p •v =0.406 (I-S) 025 NI>o

The value of n2 is calculated to be equal to -1.689 x I () -13mZ;W.

(4.15)

The molecular second hyperpolarizability, y, may be obtained to be 4.0424x 10.24 esu

with the equation below [71]

(4.16)

The real and imaginary parts of the X(3) of the sample can also be calculated by the

following equations [63- 68]

3 '2Re X (esu) = (cno-; 120n ) n2,
3 J

Im X (esu) = (cno-£oJ"/2n) ~

(4.17)

(4.18)



Chapter 4 Growth (/lid characterisation of glyclnium oxalate single
crystals (or "m/linear optical applicatim/s

The value of the real part of nonlinear susceptibility Re X3 (esu) and

imaginary part Im X3 (esu) is found to be equal to 1.474 x 10-11 esu and OA0854x 10-11

esu respectively.

Introducing the coupling factor p, the ratio of imaginary part to real part of

third-order nonlinear susceptibility,

p = Im if Re XJ

The value of p in this case is found to be equal to 0.27

(4.19)

The observed value of coupling factor is seen to be less than 1/3, which

indicates that the nonlinearity is electronic in origin [71].

The open aperture curve demonstrates a nonlinear absorption and the

characteristic pattern of the curve shows that the nonlinear absorption is reverse

saturation absorption (RSA) implying that the crystal can be effectively used for

optical limiting applications. The peak to- valley configuration of the closed aperture

curve suggests that the refractive index change is negative, exhibiting a self

defocusing effect [69]. The experimental results exhibit that the GLO crystal

possesses a large third-order NLO properties. The reason for the large value of RSA

coefficient may be due to the delocalization resulting from the protonation of amino

group leading to the formation of glycinium oxalate molecule.
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Fig. 4.20 open aperture Z scan curve ofGLO
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4.3 CONCLUSIONS

Glycinium oxalate single crystals are grown from the saturated solution at

ambient temperature. Powder XRD study on the grown crystal agrees well with the

reported single crystal XRD data. CHN analysis confirms the molecular formula as

C4H7NO(j. The vibrational analysis carried out using the FTIR and FT Raman

spectroscopy shows the presence of NH3+ ion confirming the protonation of amino

group leading to the formation of glycinium oxalate molecule. The non

centrosymmetry in the grown crystals of glycinium oxalate is established on the basis

of the excellent match between the various vibrational frequencies in the vibrational

spectra. Thermal studies carried out employing TGA/DTA and DSC techniques,

establish that the crystal has thermal stability up to 180°C. Vickers' microhardness

analysis carried out on the material suggests that the material belongs to soft material

category. The value of load independent resistance to dcfonnation is calculated as

19.2 g. Dislocation density for solution grown GLO, in the present study is about

104/cm2 which is quite small compared with many other solution grown inorganic

semiconductors. It is established that growth mechanism of GLO single crystals in
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the present work is 2D nucleation and subsequent spreading of layers. It is seen that

the OLO crystal has a wide transparency window ranging from 324 nm to 2500nm

and the absorption throughout this range is very small. This aspect highlights its

prospects of applications as a material for higher harmonic generation in nonlinear

optics. The value of the linear optical constants, a, nand k are evaluated and these

values are used to compute the non linear optical parameters from the Z scan studies.

The value of dielectric loss found by microwave cavity perturbation technique for

this crystal is very small which is of the order of 0.006, and is an indication of the

crystalline perfection of the grown crystal. The intense emission peak at 470 nm in

the PL spectrum observed in OLO crystal extends ample scope for further detailed

investigations in this direction. The SHO efficiency of the crystal is found to be 0.92

times that of KOP by Kurtz and Perry technique. The single shot (PI) and multiple

shot (Pn) laser damage threshold values for (010) cleaved face of GLO are found to

be 15.5 and 11.S0W cm-2, respectively for 1064 nm, pulsed Nd: YAG laser

radiation. Open aperture Z scan studies carried out using 532nm radiation of the

pulsed Nd: YAG laser of 7ns pulse width shows that there is reverse saturable

absorption (RSA) in the material and two photon absorption is the mechanism

responsible for RSA. The peak-valley structure of the curve ohtained in the closed

aperture Z scan studies is a clear indication of a negative nonlincar refraction

exhihited by the crystal.
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GROWTH AND CHARACTERISATION OF
NONLINEAR OPTICAL SINGLE CRYSTALS

OF L-ALANINIUM OXALATE

5.1 INTRODUCTION

In the modern world, the development of science in many areas has been

achieved through the growth of single crystals. Large sized single crystals are

essential for device fabrication and efforts are taken to grow large single crystals in

short duration with less cost.

Over the past two decades much attention has been paid to the search of

novel high quality NLO materials that can generate high second order optical

nonlinearities which IS important for potential applications including

telecommunication, optical computing, and optical data storage and processing. [I] ­

[6]. Organic NLO materials are formed by weak Van del' Waals and hydrogen bonds

with conjugated 1t electrons and are more advantageous than their inorganic

counterparts due to high conversion efficiency for second harmonic generation and

transparency in the visible region, high resistance to optical damage and so on. They

also offer the flexibility of molecular design and the promise of virtually an

unlimited number of crystalline structures. Traditionally, crystals of organic

materials have been grown from the melt or from vapor or solution.

The a amino acid L alanine can be considered as the fundamental building

blocks of more complex amino acids which show strong non linear behaviour and

anomalous phonon coupling and is a system exhibiting vibrational solitons [ 7].

In the present work, an attempt is made to synthesize and grow an organic

charge transfer complex NLO material L alaninium oxalate (LAO) using L alanine

and oxalic acid. The top seeded, aqueous solution grown crystals of LAO by slow
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evaporation are characterized by powder XRD. TGA/OTA. DSC. FTIR. FT Raman.

CHN analysis, UVNisiNI R absorption spcctroscopy. Vickers" microhardness

analysis. chemical etching studies. photoluminescence studies and the results are

reponed . The second and third order NLO response and laser damage threshold are

tested by using a pulsed Nd: YAG laser and are discussed in detail.

5.2 S\":"IT HESIS A:"ID GRO\\TH

L alaniniurn oxalate is synthesized from equirnolar solution of L alanine and

L oxalic acid by evaporation preventing decomposition. Synthesized samples are

crystallized repeatedly to get a pure. colorlcss, crystalline powder. Good quality seed

crysta ls are prepared using this powder. One or two seed crystals are then placed in

its supersaturated solution kept in a bath at ambient temperature. Seed crystals are

grown to big crystals by slow evaporation to a size of about 40x 15 x H mm 1 with

good transparency in a time of about three weeks [tig..5.1] as reponed by the

authon;18.91·

Fig.5.! LAD single crystal

111I
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5.3 CHARECTERISATION METHODS

5.3.1 Powder X ray diffraction studies

Growth and characterisation ofnonllnear optical
single crystals ofl-alunlnlum oxalate

Powdered XRD spectrum of the crystals is recorded usmg Rigaku X ray

diffractometer using Rigaku x ray diffractometer with CuKa radiation to identify the

compound and structure

From the XRD data, it is found that L-alaninium oxalate belongs to the

orthorhombic system with a = 5.65A0, b= 7.26 A° and c= 19.69 A0, the space group

being P2 12 12 1 and has four molecules in the unit cell with a volume of 808.37 AO.

The close agreement with the observed, calculated and reported d values [10]

confirm the identity of the grown crystal. The recorded powder XRD pattern is given

in Figure 5.2. In the layered crystal structure of LAO (Fig.5.3), the amino group of

the L-alaninium cation forms three N- H...O hydrogen bonds with the oxygen of

semi oxalate group and a symmetry-related alanine cation. There also exists two 0­

H... O hydrogen bonds. The alaninium and semi-oxalate ions form alternate columns

leading to a layered arrangement parallel to the a.c. plane and each such layer is

interconnected to the other through N-H ... 0 hydrogen bonds. Two short C ... 0

contacts involving the carboxyl oxygen of the aJaninium ion [C \ ....02 (1/2 + .r, 3/2 ­

.v. - z) = 2.931(3) A and C2 ... 02 (- 1/2 + x, 3/2 - y. - z) = 2.977(3) A] are also

observed in these layers. The slight difference observed in the bond lengths of C5­

05 [= 1.219(2) A] and C5-06 [= 1.235(2) A1in the carboxylate group of the semi­

oxalate ion may be attributed to the difference in strengths of the N-H ... 0 hydrogen

bonds in which both 05 and 06 are involved.

Powder XRD data recorded is given in table 5.1. Using Pawky method [\1],

320 diffraction peaks are identified for L alaninium oxalate crystal from the powder

x-ray diffraction.
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Fig. 5.2 Powder XRD spectrum of LAO

Space group P2,2,2,

Cry. Size Lorentzian(nm) 322.6
--

Lattice parameters

a (A) 5.65

I b (A) 7.26

c (A) 19.69

Volume(k\3) 808.37

Table 5.1 unit cell parameters of LAO crystal
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Fig 5.3. Layer structure of LAD crysta l

5.3.2 Measurement of Density

The measurement of density is one of the important methods to study the

purity of crystals. The most sensitive method to find the density of the crystal.

namely. the swim or sink method [ IDJis used in the present study. In this analysis.

theoretical density value is found using the formula. density > (MZ)/{NV) ; where M

is the molecular weight. Z is the number of molecules per unit cell. N is the

Avogadro number. and V is the volume of the unit cell. The density values arc

experimental: 1.35 g/ ern' : and theoretical: 1.37 g! ern' .

5.3.3 C IIN Analysis

The chemical composition of the grown crysta l determined using CHN

analysis reveals that it contains 33. )8% carbon (33.51%). 4.96% hydrogen (5.02%).

7.79% nitrogen (7.82%) where the figures in bracket represent the theoretical

composition. Thus the molecular formula of the compound L alaninium oxa late is
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established as CSH9ND6 and it does not contain any water of crystallisation in its

structure. Figure 5.4 shows the molecular structure of LAD molecule.

H H
\ I /OH

H-C-C-C
/ I ~O
H +

H/ ~'\H
I
H

o OH
'\ /

- ~C-C

<I '\
b 0

Fig.5. 4. Molecular structure of L-alaninium oxalate.

5.3.4 UV/ Vis/ NIR Absorption Spectroscopy

UV/Vis/NIR absorption spectrum [Fig.5.5] shows that LAD crystal has a

wide transparency window without any absorption in the UV, visible and near IR

regions, ranging from 318 nm to 1524 nm suggesting its suitability for second and

third harmonic generations of the 1064 n111 radiation and other applications in the

blue - violet region.
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Fig.5.5. UV/VisINIR absorption spectrum of Lvalaninium oxalate

It is well known that efficient NLO crystal has an optical transparency at

lower cut-off wavelength between 200 ancl 400nm [12]. It is seen that LAO crystal

has a wide transparency window without any absorption in the fundamental and
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second harmonic wavelengths, ranging from 318 nm to 1524 nm suggesting its

suitability for SHG of the 1064 nm radiation and other NLO applications. The low

absorption in the visible and near infra red region and considerable absorption in the

deep UV and far IR region enables its application as a suitable material for the

construction of poultry roofs and walls and for coating eyeglasses as antireflection

and thermal control coatings [13].

The relationship between absorption coefficient a and photon energy hu [14­

18] can be expressed as

eh» = A (ahu - Eg)Jl (5.1 )

where A is a constant nearly independent of photon energy and Eg is the optical

energy gap. Here n represents an index that can take any of the values 1/2, 3/2,2 or 3

depending on the type of transition responsible for the absorption. For allowed direct

transitions n = 1/2 while for allowed indirect transitions n = 2. The range within

which this equation is valid is very small and hence it becomes too difficult to

determine exactly the value of the exponent n [19]. The simplest way to deduce the

type of transition is to examine the value of n which relates hu to uhu with a straight

line relationship. From figure 5.6 the value of optical band gap is calculated as equal

to 4.09 cV.
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Fig. 5.6 Plot of (alIl))2 versus hv for the LA 0 crystal
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The optical constants (n, k ) are determined from the transmission (T) and reflection

(R) spectrum based on the following relations [20, 21].

1 1

T= (l-R) ~ cxp (-at) / 1-R~ exp (-at) (5.2)

where t is the thickness and the absorption coefficient et IS related to extinction

coefficient k (absorption index) by

k= CL le / 4n (5.3)

For semiconductors and insulators (where k2 « n2
) there exists a relationship

between Rand n (refractive index) given by [22, 23]

R = (n - 1)2/ (n + 1)2 (5.4)

The relationship between E and k is given by [24] ~ = Er + ic, = (n + ik)2 (5.5)

Ej= 2nk (5.7)
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The variation of both the extinction coefficient (k) [fig.5.9] and the imaginary

part of the dielectric constant Ej with energy preserves the same dependence of the

absorption coefficient (a) while the variation of Er, the real part of the dielectric

constant [fig.5.8], with energy is similar to that of the refractive index (n) variation

[ fig. 5.7].

5.3.5 Thermal Analysis

The good thermal stability of LAG crystals up to 196°C establishes that it has

prospects in laser applications where crystals should withstand high temperature. In

the TGA/DTA curve (Fig. 5.10) there is a large endothennic peak atl96°C and a

very small endothennic peak at around 98°C. The major peak is the melting point of

the crystal as the major weight loss occurs after that point and the minor peak is

assumed to be a weak solid to solid phase transition as there is no weight loss at this

temperature and there is no water of crystallization in the crystal.

';. -~3 .. s..

\
\
\
\,

\

\
'.

5-C(25::: J'~.:: ]C.:
r~'""'De"r~t'..i·~' C,

F'e:1k;; 1%30 "C

,~)

~ ?~,
3,10 f

~zc

~ ~
§ - ~ 5 ,s;

1 0

2:·

[;5

~5

Or:;

~9 'S ,,}40

"
, 50

_.-- ,,/

/
"'>/ v .

;; ,I \\ /
1 ' \ / Area =748 1.12rnJ

\/ 1 r-' Del:a H '"' 171 ;'936 J/9

\/
V

Fig. 5.10 TGA/DTA thermogram of L-alaninium oxalate



Chapter 5 Growth and characterisation ofnonlinear optical
sillgle crystals ofl-alaninlum oxalate

The differential scanning calorimetry (DSC) spectrum (Fig. 5.11) shows a

minor endothennic peak at 98°C and a major peak at 197°C, supporting the

observation found in TGA/DTA measurement. In organic crystals phase transitions

between polymorphs are very common and the mechanisms remain unknown despite

of extensive investigations. No such detailed phase transition studies are reported in

the literature for LAO, even though results are available for other organic crystals

[25, 26]. Hashizume et at [27] have observed the phase transition of L-ethyl-3-urea

by means of detailed temperature resolved single crystal diffraction method. Crystal

structures before and after the phase transition are isostructural where one­

dimensional hydrogen bonding structure is formed and stacked to form a molecular

layer. Their work shows a solid to solid phase transition at 90°C. Since these

crystals are grown by slow evaporation method, they have taken care in omitting the

occluded water, if any, during the growth by annealing the samples fairly at higher

temperatures. In the present study LAO shows a phase transition (solid to solid) at

371 K (98°C), when the temperature is slowly increased from room temperature,

which is of the same order as for L-ethyl-3-urea. The comparison with L-ethyl-3-urea

is made here because both of them have layered structures. The layer structure of the

present LAO, viewed from the b axis is shown in Figure 5.3. Even though the

geometry of the layers is retained, the relative positions of the layers in LAO with

their neighbors change gradually with temperature. The change is accelerated at the

temperature representing the start of the endothenn in the TGA and DTA curves. The

structural variation thus creates a void space in between the layers and as this grows,

naturally the crystal will be unstable and so the carboxyl group of the molecules

turns into a disordered structure with abrupt conformational changes to fill up the

void space. This transition, being isostructural, may be visualized as the transition of

two elementary processes-s-supramolecular and molecular.
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Fig. 5.11. Differential scanning calorimetry curve of L-alaninium oxalate

The specific heat at constant pressure er of the crystal is estimated from the

DSC curve using the ratio method (28, 29]. In this method, base line corresponding

to the temperature range of interest is first obtained. After this, two independent

DSC runs arc performed under identical conditions; one with weighed quantity (m')

of u-Al-O, and the other with a weighed quantity (m) of the sample. Then the

specific heat Cp of the sample can be determined by using the relation

Cp/Cp' = m'y I my' (5.8)

where Cp' is the specific heat of a-AIz03, y and y' are the ordinate deflections of the

sample and reference standard respectively. Figure 5.12 gives the variation of

specific heat of the sample with the temperature range of interest.
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5.3.6 The vibrational spectra of L-alaninium oxalate

In the present work, vibrational spcctroscopic analysis of LAO crystal is

performed based on the basis of vibrations of alaninium ion consisting of amino,

methylene, ancl carboxylic acid groups and oxalate 1011. The observed bands are

assigned on the basis of characteristic vibrations.

Single crystals of L alaninium oxalate are grown by slow evaporation

method. The FT IR spectrum (Fig.5. I3) of the LAO crystal is recorded using

AVTAR 370 system with a resolution of 4cm'I in the range 400-4000cm'l. The FT

Raman spectrum of the powdered sample (Fig.5. I4) is recorded with BRUKER

RFS 1OOIS system with a resolution of 4 cm'l using a standard InGaAs detector with

a laser source of ISO mW. The vibrational wave numbers and their assignments are

given in the table (5.2).
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For saturated amines, it is established that the asymmetric NH2 stretch will

give rise to a band between 3380cm- 1 and 3350 cm-I while the symmetric stretch will

appear between 3310 cm-I and 3280 cm-I[30]. But the protonation ofNH2 group can

produce a shift in band position towards the lower wave number region. The

shoulder band at 2902 cm'in the IR spectrum corresponds to NH/symmetric stretch

mode. The medium shoulder at 3200 cm') in the Raman spectrum shows NH3+

asymmetric stretching mode. The positions of these bands clearly indicate the

presence of NH3+group in the crystal. The NH/ asymmetric and symmetric bending

occur in the region 1625-1560 ern" and 1550-1500 ern" respectively [31]. The NH3+

rocking modes occur at frequencies around 1100 cm-I for amino acids and exact band

position depends on the position and strength of hydrogen bonds [32]. The IR bands

at around 1106 cm-I and 916cm- 1 and corresponding Raman bands at 1107 cm-l and

914 cm-I are assigned to parallel and perpendicular NH/ rocking modes

respectively.

The weak band at 540 cm· 1 in IR and Raman spectra is assigned to the NH3 f

torsion mode. For amino acids, the asymmetric CH:! stretching vibrations arc

generally observed in the region 3100 -3000 cm'l while the symmetric stretch

appears between 3000 and 2900 cm-I [32,33]. In the present case, CH:! symmetric

stretching is observed as an intense broad band at 2900 cm-I in the lR spectrum and

the asymmetric stretching shows an intense band at 2950 cm-I in the Raman

spectrum. The C- H out of plane deformation is observed as weak band at 756 cm-I in

both lR and Raman spectrum. CH2 wagging corresponds to 1325 cm-lin IR and 1326

cm-I in the Raman spectrum respectively. CH} rocking shows band at 1377 cm,l in

lR spectrum and 1367 cm l in Raman spectrum. The Raman band at 1407 cm-I

corresponds to CH2 scissoring. The stretching vibration of the hydroxyl group of the

oxalate appears as a broad shoulder in 1R at 3243 em·I.Weak band at 613 cm-I in the

lR spectrum is assigned as OH bending. Carbonyl stretching vibrations arc found in

the region 1780-1700 cm'I[34]. The sharp intense band in IR spectrum at 1717 cnf'

can be assigned to C= 0 stretching vibration, which is also observed in Raman at

1712 cm-I. The vibrations of C= 0 bond might have been influenced by the

hydrogen bonding network inside the crystal in shifting the band position towards the

lower wave number. The asymmetric and symmetric c-o stretching frequencies are
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observed at 1464 cm-land 1236cm- 1 in the ]R spectrum and the corresponding Raman

bands are observed at 1457 cm-1 and 1202 cml.The absorption arising from C-N and

C-C stretching vibrations are generally observed at 1150-800cm-1[34]. The C-C

stretching is observed as an intense band at 821 cmlin the Raman spectrum and as a

weak IR band at 821 cm-I as is observed for other amino acids. [33,34]. The c-o-o

bending is observed as intense bands in the ]R spectrum in the expected region [34]

at 707 cm-, and in the Raman spectrum at 706cm -I. The c-o out of plane

deformation is observed at 493 cm' in the IR spectrum and at 495 cm l in the Raman

spectrum. The C-O in plane deformation is observed at 648 cm-lin both IR and

Raman spectrum.

The presence of NH/ ion in the crystal confirms the protonation of the amino

acid group leading to the formation of l-alaninium oxalate molecule. In the

vibrational spectra of LAO, there is excellent match between vibrational bands of the

infrared and Raman spectra. This type of matching occurs only in materials, having

a noncentrosymmetric crystal structure, Nonccntrosymmctry is a decisive criterion

determining the NLO activity particularly SHG.
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Table. 5.2 Vibrational assignments of LAO

YIR YRm"OIl Assignment YIR YRam." Assignment

86.63 vs 8 lattice 1118.83m 8 C-H

112.18 vs 1) lattice 1235.75 vsbr 1202.29 m
Symmetric C-O

stretch

270.05 w 1) lattice 1324.77 m 1326.07 w CH 2 wagging

402.71 w () lattice 1377.54 wsh 1365.97 w CH 2 rocking

C-O out of

492.55 m 494.62 w plane 1406.85 \V CH2 scissoring

deformation

540.01 w 539.84 w NH/torsion 1463.79 vs 1456.55 In Asym C-O stretching

612.54 wbr O-H bending 1509.2 vsbr 1509.95 wbr Nl-l-Syrn. bend

647.18 wsh 648 w
C-O in plane

1585.13 sbr 1593.89 wbr NHj ' asyrn.bending
deformation

707.25 vs 705.93 w C=O bend 1716.0 vs 1712.14 v vs C~O stretch

C-I1 out of

757.46 vw 756.98 w plane 1915.01 rnbr C-C overtone

deformation

820.60 w 821.38 s CC stretch 2509.9 sbr Nil•.sym str out

888.13 vs en, rocking 2738.19 v V\V CH 2 asym stretch

915.81 In 913.56w
Perpendicular

2900.23 sbr 2949.52 s CH, Sym Stretch
NI-I. rocking

1002.74 ssh 1002.09 w
COO

2992.44 msh NH}' sym.str in
vibration

3199.51 wsh NHj ' Asym. Str

\106.\\ m 1106.96 m
parallel NH j

rocking
3243.12 sbr

01 I str of unchanged

COOH group
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5.3.7 Vickers' microhardness analysis

Growth and characterisation ofnonllnear optical
single crystals ofl-alanlnium oxalate

Hardness of a material is the measure of the resistance it offers to local

deformation. General definition of indentation hardness which is related to the

various forms of indenter is the ratio of applied load to the surface area of indentation

[35]. In general, it comes from the intrinsic resistance of crystals and the resistance

caused by imperfections in the crystals [36]. Good quality crystals with excellent

optical performance and mechanical behviour are needed for device applications. In

single crystals, second harmonic generation is always lower from the defective

sectors compared to that from the more perfect sectors [37, 38]. Microhardness

measurement on the (100) surface of the crystal is done for applied loads (P) from 5

g to 100g with a dwell time of 5 seconds using Leitz Miniload Hardness tester. The

length of the two diagonals is measured by a calibrated micrometer attached to the

eyepiece of the microscope after unloading and the average (d) is found out. For a

particular load at least five well-defined impressions have considered and the

Vickcrs micro hardness profile of the crystal (Fig.5.15) calculated using the formula

Hv = 1.8544 P/d2 Kg/mnr' (5.9)

It is clear from the figure that microhardness increases with applied load.

Increase in microhardness with increase of load in the low load region can be

attributed to the heaping up of material at the edges of impression made by the

indentor [35] due to the slipping of layers at the indentation centre since at this

region it is plastic. Increase in load enables the defects to move and pin upon the

boundaries. At higher loads, slipping of layers stops which in turn harden the crystal.

This is shown in the region between 50 g and 1GOg. If we increase the load beyond

100 g crystal is found to be ruptured. The maximum hardness is found to be

38.9Kgimm2
• We will first try to explain the observed ISE by traditional Meyers

law, which gives an expression regarding load and size of indentation [39] as

(5.10)

where k. is the material constant and n is the Meyer index and the other symbols

have their usual meanings. The plot of log P against log d before cracking after least
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square fitting gives straight-line graph, which is in good agreement with Meyer's

law (Fig.5.16). The value of n is found from the slope of the graph and it turns out to

be 4.2 for (100) which is as expected for soft organic materials. Combining

Equations (5.9) and (5.10), we have

Hv = 1.8544 k1d
ll

-
2 (5.11)

Or,

Hv = 1.8544 k. (1+2/n) p(I-2/11) (5.12)

Or,

Hv = b P (11-2)/11 (5.13)

where b = 1.8544 k l(l +2in ), a new constant. The above expression shows that Hv

should increase with increase in P if 11 > 2 and decrease with the same if 11 < 2. This

is in good agreement with the experimental data and thus confirms normal lSE.

According to Onitsch [40] and Hanneman [41] n should lie between 1 and 1.6 for

hard materials and above 1.6 for softer ones. Thus, LAO belongs to soft material

category.
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Fig 5.15 Plot of Vickers hardness number vs. load
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According to Hays and Kendall's theory of resistance pressure (42), there is a

minimum level of indentation load (H'j, also known as resistance pressure, below

which no plastic deformation occurs. Hays and Kendall have proposed a relationship

between indentation test load and indentation size by modifying Kick's law (43) as

p = k2 d2

p~ W= k2d
2

(5.14)

(5.15)

where k2 is a new constant and (P- W) is the effective indentation test load

considered in the microhardness calculations. Combining expressions (5.14) and

(5.15) we get:

W= k, cl l1
- k2d

2 (5.16)

Or,

dll = W/k l + (k2/k ,) d2 (5.17)

The plot of d ll versus d2 is a straight line (Fig. 5.17) having slope k2/k, and

intercept W/k,. From these values, we have calculated the value of Wand it tums out
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. to be 15.7gm w hich is the material resistance to the initiation of plastic flow . The

high value of W shows that the mechani cal property of the crystal is quite good . We

haw also calculated elastic stiff nes s constant (CIII following woos-er' s emp irical

relation r4-tj as

• ~ 4
( 11 = H\ (5.1 XI

The' values of C u for cuneus loads an: given in rabic 5..1 . The stiffness

constant C l l is quite high. revealing that the binding forces an: quite strong. Figure

5.1M shows the indentat ion pattern formed on the crystal sur face for a load of 50 gm.

Slip lines arc clearly visible in the micro photograph.

Tublc 53 . Elastic sl iITnc~~ constant of LAD crystals

Load (gm) Hv (1<g Imm' ) ell ( xIO"Pa )

5 7.57 O.5~5

10 I J.5~ 1.1>11

15 15.76 2 .1 ~ 1

~5 24.17 4.521

50 JX..1 10.12

lOO .1X. YI IOAO

Fig.5.1M I\ n indentation pattern ( • 100)
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5.3.8 Chemical etching studies

Dislocation study is dependent upon the time consuming and pain staking

identification, by trial and en-or, of effective etchants which reveals a host of

information about the microstructure of the single crystals. The microstructural

aspects of crystals have deleterious effects on the performance of devices as they

affect plasticity and crystal strength, electronic and ionic conductivity and diffusion

properties [45].

There are several models of crystal growth and each crystal grows by one of

these mechanisms. A complimentary approach of understanding the growth

mechanism is to study the features on free and etched surfaces of the crystals.

Patterns observed on surfaces like spirals, hillocks, slip pattern .....etc yield valuable

information on the growth process and perfection in the crystal [46-48].

Good optical quality crystals ofLAO grown by solvent evaporation technique

are used for the present study. The surface features on the as grown crystal surfaces
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and on the etched surfaces, etched with the dislocation etchants developed for the

present study are examined using a Leica Q win Microsystems metallurgical

microscope attached to a computer for easy viewing of surface patterns. N-propyl

alcohol (60%) is used as the chemical polishing agent.

The chemical etching studies are carried out on the as grown single crystals

of LAO to study the symmetry of the crystal face from the shape of etch pits, and the

distribution of structural defects in the grown crystals. An observed layer structure

of the crystal is shown in Fig. 5.19 (a). Fig.5.19 (b) shows the striation pattern

observed on the surface, due to the thermal strain that may occur during growth.

Secondary nucleation and overgrowth patterns on the growth surface are shown in

Fig.5.19(c).

According to Buckley [49], overgrowth patterns are fanned due to

interruption in the continuity of deposition of material which in turn is due to change

in growth conditions. When etched with water bunch pattern are fonued as shown in

Fig.5.19 (d). This is due to the fast dissolution of the surface the shape of which

depends on the disorientation of the exposed crystallographic plane.

Development of bunches is determined by the directions of the operating

etching vectors on crystal surface which are determined from an energy

consideration involving the breaking of the lowest number of bonds. When the etch

rate is high bunching will develop not only on the surface but also at the dissolution

steps generated by dislocations [50].

Fig. 5.19( e) shows the terraced etch hillocks formed on the [101] face by

etching with acetone and water taken in the ratio I :2. When the surface dissolution is

low, the surface is smooth, and the increased dissolution at dislocations can lead to

terraced etch hillocks. Figure 5.19.(t) shows the lamellar structure. A solution of

water in methanol in the volume ratio 1:5 is found to be produce rectangular etch pits

(Fig.5.19 (g» on the [100] surface when etched for 5-10 seconds. On successive

etching no spurious development of pits are observed which suggests that etch pits

are produced at the emergence of dislocation. The flat bottomed and shallow pits

appear and disappear on successive layer etching indicating that they are due to
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dislocations which extend only a few molecular layers . Micro topographical analysis

suggests that the growth of these crystals is due to 2D nucleation and spreading of

layers. Shallow and flat bottomed etch pits. which disappear on subsequent etching

suggests that the defect is mainly due to edge dislocations. The absence of patterns

like growth spirals. slip bands...etc also support this. Average dislocation density in

the crystal is found to be order of I03/cm2, which implies a good. crystalline

perfection of the grown crystal. The low dislocation density found in the present

study suggests that crystals grown by solvent evaporation method can be utilized for

optical device applications.

,

•
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5.3.9 Photoluminescence studies

Photo-luminescence spectrum (PL) is recorded with a Jobin Yvon

Spectrofluorometer (Model FL3-22). A 450 W xenon lamp is used as the source and

PMT (Model R928P) as the detector. Double gra tings are used for the excitation and

emission spcc trometers . Excitation wavelength used is 300 nm.

PL spectrum of LAD crys tal recorded is shown in figure 5.20. Spectrum

shows a broad peak centered at 440 nm with intensity compara ble to that of

conducting polymers and polymer composites. The main contribut ion to the HOMO

state comes from the mono ionised oxalate ions, while to the LUMD state comes

from the NH.l · ions. In LAD molecular cha ins, these two molecular orbita ls are

at opposi te extreme. So. in the interband transitions, the electron has to cross the

who le chain. loosing energy to the vibrat ional modes of the crystal. con tributing

to the luminescence [51]. Peaks in the visible region can be assigned to lattice

related processes. while the peaks in the UV region can be due to the relaxation of

excited molecular states. The maximum intensity peak at 440nm is assigned to a

lattice related process.

•
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Fig.5.20 PL spectrum of LAO crystal

5.3.10 Dielectric studies by mic rowaye cavity perturbation technique

The use of cavity for measuring properties of dielectric materials has been

reported in 1968 by Stinehelfer and it has been improved by !toh in 1974 [52].

Microwave study on the dielectric properties of NLO materials reveals some

interesting observations. A detailed study on the complex permittivity, loss tangent

and conductivity of the LAO crystal at different frequencies in the S band using the

cavity perturbation technique [53] is presented in this section.

S-band wave-guide closed at both ends is used as the cavity resonator. The

resonator is excited in the TE 10p mode. The resonant frequency "f()" and the

corresponding quality factor "Qo" of each resonant peak of the cavity resonator,

without sample placed at the maximum of the electric field, are noted. The

sample is introduced into the cavity resonator through the non-radiating slot. The

resonant frequencies of the sample loaded cavity arc selected and the position of the

sample is adjusted for maximum perturbation (that is, maximum shift of resonant

frequency with minimum amplitude for the peak). The new resonant frequency f,

and quality factor Qs arc determined. The procedure is repeated for other resonant

frequencies. The frequency dependence of effective conductivity, dielectric

constant and dielectric loss and absorption coefficient are plotted in figure.S.21.
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For LAO crystal the variation of dielectric constant is almost constant with

frequency. Dielectric loss is very small which signifies the good crystalline

perfection of the grown crystal. Very small dielectric loss is quite useful for device

applications. As seen from the optical absorption studies, the crystal is quite

transparent in the whole visible region and as expected the conductivity of the

material is very small, of the order of 0.0035 S/m. Microwave absorption coefficient

is also very small. So the material can be identified as a microwave transparent

material in the frequency range 2-3GHz.
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5.3.11 SHG studies
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The second harmonic generation behavior is tested by the Kurtz powder

technique [54] using Q switched Nd: YAG laser as source. The sample is prepared

by sandwiching the graded crystalline powder between two glass slides. The powder

sample of L-alanininium oxalate is illuminated by the laser source (A = 1064 nm,

7ns, 10Hz). A bright green emission is observed from the sample. The second

harmonic signal (532 nm) generated in the sample is collected by the lens is detected

by the monochromator and is filtered by IR filters to remove the fundamental and is

measured. Powdered KDP sample of same particle size is used as the reference

material, and the output power intensity of L-alaninium oxalate is compared with the

output power ofKDP, and also with its parent material L alanine.

The measured SHG values are listed in table 5.4. SHG efficiency will vary

with the size of the powdered crystalline aggregates [55]. It is found that the defects

and dislocations present in the crystal influences the NLO property especially second

harmonic generation [56].

Table 5.4 SHG measurement data.

Input

2.7 rn.l

5.0 m]

KDP

118mv

22tmV

L alanine

145mv

292mV

L alaninium oxalate

271mv

498mV

The very low value of dielectric loss found by microwave cavity perturbation

technique implies the better crystallinity of the crystal grown, in the present study.

In fact, the dislocation density measured by chemical etching studies is of the order

of 103/cm 2. Materials with good crystalline perfection will give better SHG output

[57].

5.3.12 Laser damage threshold studies

Like other optical materials used 111 laser technology, NLO crystals are

susceptible to optically induced catastrophic damage. Optical damage in non-metals

(dielectrics) may severely affect the performance of high-power laser systems as well

as the efficiency of optical systems based on nonlinear processes and has therefore
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been subject to extensive research for years [58]. From this viewpoint we have

carried out laser damage threshold measurements on the LAO crystal.

For pulse widths that stretch into several nanoseconds, thermal effects are

unavoidable while for picosecond pulse widths thermal effects are negligible. This is

because thermal effects take several nanoseconds to build up and could take several

milliseconds to decay. Consequently the laser damage resistance of LAO in the

nanosecond regime is expected to be different as compared to that observed in the

picosecond regime. We have carried out a study of laser damage in LAO in the

nanosecond regime and suggest a possible reason for the observed damage.

A Q-switched Nd: YAG laser in the TEMoo mode is used as the source of

light for the damage study. This laser can be operated in two modes. In the single­

shot mode the laser emits a single 7 ns pulse. In the multi-shot mode the laser

produces a continuous train of 7 ns pulses at a repetition rate of 10 Hz.

Freshly cleaved samples with no sign of any surface defects arc used for the

present study. The sample is mounted on a sample holder. Single and multiple laser

damage measurements are made on the (100) face of crystal. The sample is

irradiated at different spots on the same crystal at different pulse energies. In our

work, the damage almost always occurred by the formation of white spark

accompanied by audible sound. The sample is then observed for damage under an

optical microscope and a scanning electron microscope.

Figure5.22 (a) shows the morphology for the damage above the damage

threshold for a single-shot 1064nm laser pulse at 29.64GW/cm2
. A typical cylindrical

damage pattern accompanied by breakdown paths can be seen [59- 61]. The

breakdown paths do not depend on the orientation of the crystal relative to the

polarization of the electric field and lie within the reflection plane. As expected, the

highest intensity is required to induce laser damage with a single shot. The laser

damage threshold reduces to 20.60 GW/cm2 for multi shot [62]. The sample shows

distinct signs of laser ablation as can be seen from the damage pattern shown in

Figure 5.22(b). Thermal effects need to be considered for pulse widths that are

nanoseconds and longer and in the cases of picosecond and femtosecond lasers for
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higher repetition rates where cumulative thermal effects become important (63. 64].

Since LAO has a room temperature specific heat of 1.766 J g-1 K-I • it absorbs

more heat energy when laser radiation is focused on it and one can expect a high

threshold value for laser damage and that is what has been observed in our

investigation. Another point to be noted here is that the spot size used in the present

expe riment is small as 44Jlrn for I OM nm radiat ion and hence the defect

concentration in the focal volume is expected to be comparatively less. leading to a

high threshold value.

Ca) (b)

Fig. 5.12 Laser damage patte rn for (3) the single shot and (b) multiple shot

5.3.13 Z Sca n measurement of the optical nonlinearity

Photonic sensors ( including eye) have threshold intensity to electromagnetic

radial ion above which they can be damaged [65]. By using suitable materials as

optica ll imiters. dynamical range of the sensor can be extended to function optimally

at higher input intensifies. For most protec tive app lications rapid sensor response is

desired with large saturation threshold. providing a greater safety margin 166].

Various nonlinear optical effect!'. can be employed for designing an opticallimiter.

Nonlinear optical (NLO) materia ls with large intensity dependent refractive

index and absorption coefficients are useful for optical device applications. These

parameters determine whether an intense laser beam will undergo self focusing or

self defocusing as it propagates in the material medium [67 ]_ Any NLO effec t in the

•
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organic molecules originates from a strong donor-acceptor intermolecular

interaction.

Nonlinear optical characterization of the crystal is carried out using the well­

known, single-beam, Z scan technique [71], which can accurately measure both the

magnitude and sign of the nonlinear refractive index 112. The measurements are

carried out with the experimental setup shown in Fig. I. The laser beam is provided

by the output of a pulsed Nd: Yttrium Aluminum Garnet (Y AG) laser, with a pulse

width of 7 ns and a repetition rate of 10Hz. The selected wavelength is 532 nm. The

spatial distribution of the pulse has a nearly Gaussian profile. The crystal sample is

placed on a translation stage controlled by a computer that moves the sample along

the z-axis with respect to the focal point of a 50 mm convex lens. The transmittance

of the samples is measured with and without an aperture in the far-field. The laser

pulses adjusted by an attenuator are separated into two beams by using a splitter. The

energy of the two beams are simultaneously measured using two energy detectors,

Rjp-73 5 energy probes linked to energy ratio meter,Rj-7620. A personal computer is

used to collect and process the data coming from energy meters.

The result of the open aperture Z scan measurement of the crystal is shown in

Figure 5.23. The open aperture (OA) curve demonstrates a nonlincar absorption and

the characteristic pattern of the curve shows that the nonlinear absorption is reverse

saturable absorption (RSA). For 532nm resonant absorption, both excited state

absorption and two-photon absorption (TPA) can be responsible for the observed

NLO effects. The RSA coefficient Bcan be obtained from the fitting performed on

the experimental data of the OA measurement with the equations (1) and (2)[72]

where a and p are the linear and effective third order NLO absorption coefficients,

respectively, 1 1S the time, [(z) is the irradiance and L is the optical path length.

Since we are getting an excellent fit of the experimental data with the equations

(5.19) and (5.20) corresponding to two photon absorption, it can be concluded that

the two photon absorption is the mechanism responsible for the observed NLO

effect.

1 J+OO 2T(Z)= --r In [1 + Q(z)]e- r dr
Q(Z)V1T -00

(5.19)
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Q(Z)= PI(Z) l_e;UL
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(5.20)

where is the effective path length Lefr.

The value of the non linear absorption coefficient ~ is found to be equal to be

11.65 cm/GW.

The peak to valley configuration of the curve obtained under the closed

aperture configuration in figure5.24 suggests that the refractive index change is

negative, exhibiting a self defocusing effect. The nonlinear refraction index n2

(m2/W) is obtained through the following equation

(5.21)

In the above equation the phase shift L'l<I)o is equal to 2rr./~. n2 10 Ld l .

The difference between the normalized transmittance at the peak and valley is related

to b,<I>o by the relation

The value of n, is calculated to be equal to -3.984xI0 -13 m2/W .

The molecular hypcrpolarizability, y, is obtained to be 10.424x 10.2.+ esu with the

equation below [73]

(5.23)

where 11" is the linear refractive index which is estimated from the absorption

spectrum of the crystal in the UV/Vis/N 1R region.

The real and imaginary parts of the X (3) of the sample can also be calculated

by the following equations [73,74]

3 2?
Re X (esu) = (cm, / 120rr.-) n2,

1111 X3 (esu) = (cn02£oA f2rr.) p
(5.24)

(5.25)
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The value of the real part of nonlinear susceptibility Re X3 (esu) is

- 2.586xlO- 11and imaginary part lm X3 (esu) is 0.6376xlO- I I
•

Introducing the coupling factor p, the ratio of imaginary part to real part of

third-order nonlinear susceptibility,

(5.26)

The value of p in this case is found to be equal to 0.24. The observed value

of coupling factor is seen to be less than 113, which indicates that the nonlinearity is

electronic in origin [75J.
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5.4 CONCLUSIONS

Growth and characterisation ofnonlinear optical
slngie crystals ofI-alaninium oxalate

The bulk size single crystals of L-alanininium oxalate are successfully grown

by the slow evaporation solution growth method at room temperature. To the best of

our knowledge, growth of big LAO crystals of size 40x 15 x 8 mrrr' with good

transparency is not reported elsewhere [8]. Exposure of the crystal surfaces to humid

and dry atmospheres indicates that LAO is air stable and non hygroscopic. The

grown crystals have been subjected to various characterization studies. Crystal

structure has been confirmed by powder XRD. Elemental analysis (CHN) reveals

that the crystal does not contain any water of crystallization in its structure and

suggests the molecular formula to be CsH9NO(,. Thermal analysis by TGA/DTA and

DSC studies establishes the good thermal stability of the crystal upto its melting

temperature (197()C), suggesting it to be a potential material for laser applications

where crystal should withstand high temperatures. Since there is no decomposition

observed up to 200°C, crystallization can be done by melt method too. High value of

Cp enhances its prospects for applications in laser assisted devices.

FTIR and FT Raman studies confirm the various functional groups and their

vibrational interactions. Minimum absorption is observed in the visible and NIR

regions from the UV-Vis-NlR measurement. It is an important requirement for the

materials showing NLO properties especially second harmonic generation, to have a

wide transparency window. Linear optical constants of the crystal are determined

from the UV/Vis/NIR data. Three potential etchants that delineate dislocations in the

crystal are identified. Avcrage dislocation density IS small (10 3/cm).

Microtopography and etching studies establish that the growth mechanism is 20

nucleation and subsequent spreading of layers.

The photo luminescence spectrum of the compound is explained. From the

microhardness studies, maximum hardness is found to be 38.9Kg/mm2
. The high

value of load independent resistance shows that the mechanical property of the

crystal is quite good. The stiffness constant C I1 is quite high, revealing that the

binding forces are quite strong. Very low dielectric loss value (0.016) determined by

microwave cavity perturbation technique shows the good crystalline perfection.
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Second harmonic generation efficiency (SHG) of LAO crystal is 1.8 times

that of L alanine and 2.3 times that of KDP. Laser damage threshold is considerably

high and is higher than that of GLO. The reason for the increased SHG output and

high value of laser damage threshold is the better crystalline perfection in the grown

crystal with lesser defects, as revealed by dislocation studies. It is reveled from the Z

scan studies that the crystal shows reverse saturable absorption and negative non

linear refraction and hence can be effectively used for optical limiting applications.
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INVESTIGATIONS ON THE GROWTH AND
CHARACTERISATION OF POTASSIUM

HYDROGEN PHTHALATE SINGLE
CRYSTALS FOR NONLINEAR

OPTICAL APPLICATIONS

6.1 INTRODUCTION

Hydro phthalate crystals (XAP: C"H4 COOH COOX where X is a metal ion)

arc most useful for long wave X-ray spectroscopy. NaAP, NH4AP, KAP, RbAP and

TiAP have been investigated for their high resolution as analyzer crystals in

spectromctcrs. The acid phthalate crystals are organic crystals with 2d spacing of the

order of 26A 0. The crystals cleave along the (0 I0) planes and have a good record for

long term stability [1].

Potassium acid phthalate (KAP) also known as potassium hydrogen phthalate

belongs to the series of alkali acid phthalate used in the production of crystal

analysers for long wave X-ray spectrometers [2]. It is also well known for its

piezoelectric, pyroelectric, elastic and optical properties [3, 4]. KAP and other

phthalate like cesium, rubidium and thallium acid phthalate are used in the

preparation of buffer solutions. Recently KAP crystals have assumed an important

role in the epitaxial growth of oriented poly [I, 6-bis (N- Carbozolyl)-2, 4­

hexadiyne] (poly DCH), a conjugated polymer which shows a very large (X(3l = 10.7

esu) and fast (0.8 ps) nonlinear optical susceptibility[5, 6]. The importance of KAP

crystals is related to its uniqueness as a substrate which allows the growth of oriented

poly OCH. Usually the substances used for the deposition of organic thin films are

chosen for their optical transparency in the spectral region of interest. In this case,

KAP plays an active role in the growth process. The orientation of DCH molecules is

driven by the molecular insertion of the carbozolyl side group between the KAP

Phenyl rings. The molecular matching is stabilized through 7t interactions between
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the phenyl groups of the monomer and those of KAP substrate. In a second step the

sample is polymerized by heating. The oriented structure of the monomer is

preserved in the polymerization process which does not affect the substrate. Hence

photonic devices can be developed based on these highly oriented polymeric thin

films grown using KAP as a substrate. Potassium acid phthalate (KAP) is an

orthorhombic crystal, crystallizing in the space group Pca21. It has unit cell dimension

a=9.609 A, b= 13.857A0
, c=6.466A0 and contains 4 KAP molecules. The habitual

morphology of the crystal has 14 growth faces. It has a (010) face with a high

morphological importance on which spiral patterns could be easily observed due to

the relatively high mono steps. This material is a fine model material for studying the

crystallization process especially the mechanism of spiral growth in crystals [7, 8].

Growth and structural characterization studies of this material have already

been done but the NLO behaviour has not been dealt with in detail. In the present

work, KAP crystals are grown by floating seed technique and by gel growth method.

Grown crystals are characterized by various characterization techniques. The second

and third order NLO behaviour of the material is explored and attempts made to

establish a connection between structure and NLO behaviour.

6.2 CRYSTAL GRO\VTH TECHNIQUES

6.2.1 Growth of KAP crystals by floating seed technique

Seed crystals of potassium acid phthalate (KAP) are grown from its

supersaturated solution taken in a Petri dish at room temperature. Good optical

quality seed crystals free from defects and inclusions are used for the growth of

crystals from its saturated solution using floating seed technique. One or two seed

crystals are carefully placed in the saturated solution taken in a beaker at ambient

temperature. The crystals thus placed float in the solution due to surface tension and

gradually grow by the evaporation of solvent. One or two crystals arc also formed in

the bottom of solution on every trial. KAP crystals obtained by floating seed

technique arc shown in figure.6.1.
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Fig.6. I KAP crystals grown by floating seed technique

6.2.2 G rowtb of KAP crystals by Gel metbod

Single crystal s of KAP are grown in silica gel by reduction of solubility

method. Silica gel prepared from an aqueous solution of sodium metasilicate

(Na2S i03.5H20), is used as the crystal growth medium. Test tubes are used as

crysta l growth vessels . KAP is dissolved in an aqueous solution of sodium

metasilicate of specific gravity 1.06 gm! cm3 and the pH of the gel solution is

adjusted using 5 M oxalic acid. Acetone, ethyl alcoho l and a mix.ture of these are

placed over the set gel taken in the test tubes . The concentration of KAP dissolved

in gel solution is varied and the volume ratio SMS: KAP in all the trial is

maintained as 1.5:3.5. Different pH and concentration of the gel solution are tried.

to obtain the best conditions for crystal growth. The best growth condition is

determined based on the number of crystals obtained, their transparency. size and

morphology. Transparent, nearly he xa g o nal massive aggregates of KAP are

crystal lized inside the gel medium (Fig.6.2).

Experiments are also carried out by placing aqueous solution of KAP as

outer reactant over gel and mixing a mixture of ethyl alcohol and acetone with Ihe

gel (I :lv/v). Transparent tiny crystals of KAP are obta ined, only at the gel­

solution interface. The crystals are removed after a growth period of six weeks.

- --- - - - - - - - - - -----,.
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Th e crys tal grow th experiments are carried out at room temperature (:::30°C). The

crystal growth condi tions arc presented in table 6. 1. The characteristic habi t o f the

ge l grow n crystals (Fig. 6.3) is seen in the photograph of the grown crystals . Growth

laye rs and twinning observed in the gel grown KAP crysta l is shown in figure 6.4

and figure 6.5 respectively.

Table 6.1 Experimental conditions for the growth of KAP in gel

Substance

](AP

Reactants

3M KAP in gel Ethyl alcohol
and acetone ove r gel

4M KA P over gel Ethyl alco ho l
and ace tone in gel

pH of ge l

5

4.0

Transparency, Shape. Size
(mm x mm x mm)

Transparent. platelet s.
hexagonal. (5 x 4 x 3)

Transparent. aggregates
(3 '" .2 '" I)

Fig.Il.2 Growing KAP crystals in gel Fig.6.J Characteristic habit of Gel grown KAP.

III
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Fig,oA Grow th layers on gel grown KAP ( ~ J Oil) Fig.e .S Twinning III gel grown KAP 1" 50j

6.3 ClIARACTERISAnON METHODS

6.3.1 X-ray powder diffraction studies

The powder Xcray diffructogram of the KAP crys tal grown by Floating

seed technique and by gel method and recorded with Bruker D8 adva nce

diffractorneter operated at 40 KV and 50mA,using ClI target and graphite

monochromator. arc shown in Figs.6.6 and6 .7 respectively. The intensity data is

recorded by continuous scan from 5· toSO· with a step size of O.02·and scan speed of

4- /minutc. The s t ru c t ur e. relined by Pawley method [9] using the TOPAZ R

version 3 program is given in table 6.2. and 6.3 for solution grown and gel grown

K AP agrees well with the reported values [10].

,.."
"""in

ll. 1000
\!.

f .'"i• .'"
""
'", , 10 15 20 25 30 31 .0 .5 50

Angle(201

Fig.6.1i Powder XRD plot of solution grow n KAP
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Space group Pca2.

Cl)'. Size (nm) 232

Lattice parameters

a (A) 9.63

brA) 1339

c (A) 6.46

u ~ /3="( 90

Volumc(k3) 833.89

Table 6.2 unit cell parameters of the solution grown KAP

(0101

Gel grown

5 10 15 20 25 30 35 40 45 50

Angle (20)

Fig 6.7 Powder XRD plot of Gel grown KAP

Space group Pca2.

Lattice parameters

a (A) 9.65

h(A) 13.43

c (A) 6.47

u = ~= y 90

Volume(A"3) 839.321

Table 6.3 unit cell parameters of Gel grown KAP
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The chemical composition of the grown KAP crystal determined by carbon.

hydrogen. nitrogen (CHN) analysis usmg Vario lil. III CHNS serial

numberl l035060 is compared with the theoretical values of carbon, hydrogen

present in the crystal and is shown in Table 4.4 .

Table 4.4 CHN analysis data .

T beonlkaJ .\1u sued
Element ro mposition composit ion

(Ill.) (Ill.)

Carbon ~7.01 " 7.32

Hydrogen 2.45 2.3f'o

6.3.3 EDX analysis

The chemical composition of a material can be determined by EDX. The

EDX spectrum is a curve between binding energy and intensity of the emitted

photoelectron . The peak heights or areas give a measure of the quanti ty of concerned

elements in the specimen. The proport ion of the different elements incorporated in

the sample is obtained by comparing the EOX peaks of these elements. Figure 6.8 is

the EOX spectrum of the potassium hydrogen phthalate crystal.

----- ,;
1-
' 0

- ,;

li a- I

.. ,. ,. ,. ,... ••

Fig.ll.X f OX spectrum of gel grown KAP crystals

•
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6.3.4 UV/VIS/NIR spectrum and determination of linear optical constants

The optical absorption spectrum of potassium acid phthalate (KAP) single

crystal (fig.6.9) is recorded in the wavelength region from 200 to 2000 nm. For

optical device fabrications, a crystal should be highly transparent in the considerable

region of wavelength [11]. The very low absorption and good transmission of the

crystal in the entire visible region suggests its suitability for second harmonic

generation applications [12]. The absorption coefficient near the fundamental

absorption edge is dependent on the photon energy. In the high absorption region, the

absorption coefficient takes on the following more general form as a function of

photon energy [13, 14].

For optical transitions, aim = A (uhu - Egt , where u is the frequency of the

incident photon, h is Planck's constant, A and B are constants, Eg is the optical

energy gap and n is the number which characterizes the optical processes, and n has

the value 1/2 for the direct allowed transition, and 2 for the indirect allowed

transition [15- 17]. When the straight portion of the graph of (ohuyl agai nst hu is

extrapolated to a = 0 the intercept gives the transition hand gap. The optical band

gap of KAP is found to be 4.1 eV from the figure 6.10. The material has low

absorption in the visible and NIR regions and high absorption in the deep UV region.

Hence it can be utilised in the construction of poultry roofs and walls and for coating

eyeglasses.

The optical constants (n, k) are determined from the transmission (T) and

reflection (R) spectrum based on the following relations [18, 19].

2 ")
T= (I-R) exp (-at) / 1-R- exp (-at) (6.1 )

where t is the thickness and the absorption coefficient CL IS related to extinction

coefficient k (absorption index) by

K=aJ./4rr (6.2)
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For semiconductors and insulators (where k2 « n2) there exists a relationship

between Rand n (refractive index) given by [20, 21]

(6.3)

The relationship between E and k is given by [22] E = Er + is, = (n + ik)2

Er = n2_k2

Ej= 2nk

(6.4)

(6.5)

where Er, Si are the real part and imaginary part of dielectric constant respectively.

The variation of n, k and the real part of dielectric constant with energy are shown in

figures 6.11, 6.12 and figure 6.13 respectively.

4.5

4.0

3.5

3.0
Q,)
o
c:: 2.5
ra
.0....

2.00
lJ)

.0
et: 1.5

1.0

0.5

0.0

0 400 800 1200 1600 2000

wavelength (nm)

Fig. 6.9 UV/Vis/NIR absorption spectrum
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Fig. 6.10 Plot showing the optical band gap
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Fig 6.11 graph showing the variation of n with energy
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Fig 6.12 Plot of variation of K with energy
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Fig. 6.13 variation of dielectric constant with energy
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6.3.5 Th e vibrational spectral analysis of Potassium hydrogen phthalate crystal

The FT IR spectrum (Fig.6.15, 6.16) of the KAP crystal is recorded using

. AVTAR 370 system with a resolution of 4cm-1 in the range 400-4000cm-1
• The FT

Raman spectrum of the powdered sample (Fig.6 .17) is recorded with BRUKER

RFS 1OOIS system with a resolution of 4 cm-I using a standard InGaAs detector with

a laser source of 150 mW. The vibrational wave numbers and their assignments are

given in the table 6.4.

The potassium acid phthalate molecular crystal is characterized by the

presence of various bonds: covalent (inside anions [C6H4COOH 'COO]-), ionic

(cation-anion), Vander-Waals (between chains of anions), and intermolecular

hydrogen bonds O-H···O (H-bonds between anions in chains). In KAP crystal H­

bonds are very short (-2.5 A) and, hence, they may be attributed to strong H-bonds

for which are possible the interactions of stretching vibrations (u(O-H)) with sum

combinations of bending in-plane (~(O-H)) and out-of-plane (y(OH)) vibrations

[23]. Structural model ofKAP crystals and the unit cell [24] is shown in Fig. 6.14 . In

the parallel planes (0 I0) the corrugated layers of the K+ cations are situated. The

anions consist of the phenylene and carboxyl groups and they are located by double

layers between the cation layers. The groups -COO- form H bonds with the carboxyl

group - COOH of the nearest anion along the c axis [24]. H-bonds are marked by the

dash line.

Fig. 6.14 structural model of the KAP unit cell
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All atoms of the KAP formula unit are located in the general position.

Therefore all 3N - 6 internal vibrations, where N is the number of atoms in molecule

(N = 18), should be active in the Raman spectra [10]. It is expedient to divide the

vibrational representation of KAP into the vibrations of the orthophenylene (OPh)

and carboxyl groups. The frequencies and forms of 30 internal vibrations of OPh­

group are known [24, 25]: 15 stretching (C-H, C=C, C-C', skeletal), 6 bending in­

plane (C-H, C-C'), and 9 bending out-of-plane (C-H, C-C', skeletal) vibrations,

where C' is the carbon atom substituting the hydrogen atom in the benzene ring. In

view of a weak (ionic) bond of the metal atoms with anions, it is difficult to expect

an appearance of vibrations of the metal atoms in the Raman spectra. However, it is

possible an influence of these atoms on the spectra of OPh and carboxyl groups. The

frequencies below 220 cm-I are likely corresponded to external vibrations of

molecules. The characteristic frequencies for di-ortho substituted benzene [24] are

also used to assign the Raman bands. It is known, that in case of the strong H-bands

the stretching vibrations u (O-H) are shifted in the region below 3000 cm I, as, for

example, in the spectra of the KDP crystals [26]. In the Raman spectra of KAP it is

seen a weak diffusive scattering in the 1800-3000 cm-I region with the broad band

near 2000 and 2450 cm", and the less significant shoulder near 2700 cm I. Earlier

[27] the 2590 cm- 1 band was assigned to thc sum combinations of the skeletal

vibrations, and the broad bands to vibrations of H-bonds.

We have assigned the Raman bands at 1445 and 1087 cm-I to 13 (O-H) and y

(O-H) in KAP that is in agreement with a suggestion in [27, 28]. The narrow Raman

bands in the 2800-3200 cm-I region should be assigned to the u(C-H) stretching

vibrations of the OPh-group [24]. The u(C=O) stretching vibrations are specified

unambiguously. They form the broad band near 1670 cm-I. In the spectra of

orthophtalic acid with two group substitucnts COOH, the 1282 cm-I band is assigned

to the stretching vibration u(C-OH). Its analogue in the KAP spectra is also present

in this region and it is most intense due to the preferential direction of the C-OH

bond along the 'a' axis [29, 30]. The other bands in the region below 1600 cm-I may

be assigned to the internal vibrations of OPh-group [31- 33].
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Table 6.4 vibrational assignments

IR spectrum-KAP IR spectrum KAP
Raman spectrum

Solution grown Gel grown
(cm")

Assignment of vibrations
(cm") {cm")

180.204,270 Lattice vibrations

440 339 340 C=C out of plane ling bending

552 553 554 C=C-C deformation

582 584 C=C-C out of plane ling deformation

650 651 651 C=O stretching

678 CoO wagging

694 694 695 =C-H out of plant: deformation

no 721 722 C-C stretching

790 790 788 -C-H bending disubsritutcd benzene

811 812 812 C-H OUI olplane bending

852 853 855 =C-H out of plane bending

888 888 888 C-C-O stretching

993 C-H stretching

1039 CH bending

1071 1072 1079 YO-H

1151 1150 CoO stretching

1162 CoO strctclnug out olplane

1266 1267 1270 C-11 out or plane bending

1283 1283 C-COO stretching

1292 C-OH bending

1384 1385 1385 -C=O Carooxylatc ion =0 Symmetric

1442 1442 1\ O-H

1488 1489 141)1 C=C ring stretching

1566 1568 1575 C-C bending
in plant:

1600
C-C bending

out plane

1673 1674 1674 Symmetric C=O stretching

2483 O-H stretching

2996 2996 2996 C-H symmetric stretching ofO-Ph group

3030 C-H asymmetric stretching of O-Ph group

3070 C=C stretching of a-Ph group
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6.3.6 Thermal analysis
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The thermal properties of the KAP crystal are studied using thcrmo

gravimetric analysis (TGA)/differential thermal analysis (DTA) and differential

scanning calorimetry (DSC). Powdered sample of 4.6 mg potassium hydrogen

phthalate is analyzed in N2 atmosphere by using Perkin Elmer Diamond TGA I DTA

equipment. The analysis is carried out simultaneously in air at a heating rate of

10°C I min for a temperature range of 28°C to 810°C. The TG A/DTA curve is shown

in Fig.6.18. Quite interesting and important point to be noticed is the very good

thermal stability of the material up to 298°C. The absence of water of crystallization

in the molecular structure is indicated by the absence of weight loss around 100°C.

The endothermic peak in the DTA curve at 298°C represents the melting point of the

sample. Another important observation is that there is no phase transition till the

material melts and this aspect enhances the temperature range for the utility of the

crystal for NLO applications. Further there is no decomposition up to the melting

point. This ensures the suitability of the material for possible applications in lasers,

where the crystals are required to withstand high temperatures. At higher

temperatures, there is decomposition where the fragments like CO}, CH} may be

liberated.

The specific heat at constant pressure Cp of the crystal is estimated from the

DSC curve using the ratio method [34, 35]. DSC run performed on the sample (Fig.

6.19) reveals that there is no phase transition up to its melting point and it agrees well

with the TGA/DTA analysis. It is found that Cp increases linearly in the temperature

region of interest (Fig 6.20). The specific heat value of KAP crystal at 333K is 860

J/kg K. Due to its relatively large Cp, KAP crystal need larger quantity of heat

energy to get heated up, so that consequent damage due to localised heating can be

avoided, which enhances its prospects for applications in laser assisted devices.
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6.3.7 Vickers's microhardness analysis

Crystals with flat and smooth faces, microscopically free from signs of any

damage are selected for indentation studies. Indentations arc made on the cleaved

(0 10) surface of a selected crystal using a Leitz Miniload microhardness tester. The

crystal is mounted properly on the base of the microscope and the selected face is

indented gently by the loads 10, 25 and 50 g for a dwell period of 10 s using Viekers

diamond pyramid indenter attached to an incident ray research microscope. The

indented impressions are approximately pyramidal in shape. The shape of the

impression is structure dependent, face dependent and also material dependent. The

lengths of the two diagonals of the indentations are measured by a calibrated

micrometer attached to the eye piece of the microscope after unloading and the

average (d) is found out. The Vickers hardness number is computed using the

formula

Hv =1.8544 P/d2 (6.6)
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where Hv is the Vickers hardness number in kg/mm", P is the indenter load in kg and

d is the diagonal length of the impression in mm. Since crack initiation and material

chipping became significant beyond 50 g of the applied load, hardness test could not

be carried out above this load. Elastic stiffness constant is calculated using Wooster's

empirical formula [36]

C -H 7411- v (6.7)

Fig.6.21 shows the variation of Hv as a function of applied loads 10, 25 and 50 g on

the (0 10) face of KAP crystal grown by floating seed technique. From the figure it is

clear that Hv increases with increase in load. Meyer's law [37] relates load and size

of indentation as

where 'k.' is the material constant and 'n' is the Meyer's index.

log P = log kj , n log d

(6.8)

(6.9)

The plot of log P against log d shown in Fig.6.22 is a straight line which is in good

agreement with Meyer's law. The slope of the graph gives the value of work

hardening coefficient, .n'. Combining cqs, (I) and (3) we have

Hv = b p{1l.2)11 (6.10)

where b=1.8544k I
2n is a new constant. The above expression (5) shows that Hv

should increase with increase in P for n>2 and decrease with the same for n<2.

This is in good agreement with our experimental data, since Hv increases

with increase in load as shown in Fig. 6.2, the value of 'n' being greater than 2

(3.26). According to Onitsch [38] and Hanneman [39] 'n' should lie between I and

1.6 for hard materials and above 1.6 for softer ones. Hence KAP belongs to softer

material category. According to Hays and Kendall's theory of resistance pressure

[40], there is a minimum level of indentation load (W) also known as resistance
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pressure below which no plastic deformation occurs. The relationship between

indentation test load and indentation size is

(6.11)

Where kz is a new constant and (P-W) is the effective indentation test load.

Combining eqs. 6.10) and (6.11) we get

W = k.d" - k2d
2

Or

d" = W/ k, - (kz/ k,)d2

(6.12)

(6.13)

The plot between d" and dZ is a straight line with slope k2/k, and intercept

Wzk}. From Fig.6.23, the value of 'W' is calculated as 10.6 gm. The elastic stiffness

constant (C II ) for different loads calculated using Wooster's empirical formula

C 11=Hv7
'4 are shown in Table 6.5 which gives an idea about the tightness of bonding

between neighboring atoms. Figure 6.24 shows an indentation pattern for a load

P=50 g.
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Fig6.21 Vickers' hardness profile of KAP (010 plane)
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Table 6.5 Variation of clastic stiffness constant with load

Load (gm) H,' (kg Imm') ell ( xl0 ' ''PII)

5 10,3 \,0 16 1

10 12.8 1.4868

15 18,3 2,7793

25 23,9 4.4344

50 24,5 4,6311

Fig 6.24 Indentation pattern (x 100 ).

6.J .8 J\1icrotopography and chemical etching studies

Potassium acid phthalate shows sharp cleavage along [0 10] plane. Figure

6.25(a) shows such a clea ved surface in which growth layers are clearly visible.

Layers having the same direction and opposite sign arc also seen in the figure. In the

early stages of growth. when the super saturation is very is high. growth mainly takes

place by either two-dimensional nucleation or by mutual attachment of crystalli tes.

formed without the help of screw dislocations. When the crysta ls reach the critical

size. the surface is strained by internal stresses or by pressure from other crystals.

forming imperfection on the surface. Internal or extt:ma l stresses help the
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dislocations present to concentrate into a small area. Thus formed, growth layers

preferentially start and spread two dimensionally. These growth layers often bunch

together to form thick layers [41]. However, when the super saturation rate

decreases the rate of spreading of the growth layers will decrease. As a matter of

fact, when super saturation is very low, a thick layer will find it very difficult to

advance.

Several etchants are tried to reveal the nature and extent of dislocations

present in the crystal along [010] direction. Etchants described in the literature for

organic crystals [41-45] or prepared by considering the various chemical reactions of

the material are proved to be unsuitable to delineate the dislocation present in the

crystal.

When etched with triply distilled water, fast dissolution layers are observed

(fig.6.25 (b)) due to the large solubility of KAP in water. Fast dissolution is

controlled by adding acetone to water in the volume ratio 1:4. The etch pits observed

on the [010] cleavage plane of KAP crystal can be classified according to their shape

as point bottomed pyramidal pits (figure 6.25 (c)); pyramidal pits with flat bottom,

flat bottomed pyramidal pits with stepped sides (figure 6.25(d»;flat bottomed

rectangular pits with flat sides.

Flat sided pits are deeper compared to the terrace sided pits. According to

Gatos [46], if the dissolution rate along the dislocation line, perpendicular to the

surface and parallel to the surface vary considerably, terraced pits will result

Flat bottomed pits with flat sides in abundance as in the present case are

observed by several researchers on other crystals [46- 48]. A reasonable explanation

for the occurrence of these pits is the bending away of dislocations at the cleavage

surface [49]. The systematic reduction in the number of small pits on successive

etching suggests that these pits are due to shallow dislocations [50].

When etched with a solution of one part of methanol in eight parts of water

and a drop of IN potassium hydroxide resulted in almost hexagonal (shield type)
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pits having curvature as shown in figure(6.25(e». Dislocation line formed on etching

is clearly seen in the photomicrograph (6.25(t) ).

(c) (d)

(c) (I)

Fig . 6.15 la ) Growth layer (h) Fast dis s.olution layer (C) Point bottom ed pyramid al pits Id )

stepped pyra mida l pits le ) hexagonal shield type pits (I) Pits on a dislocation line

la l1 ~ I ()(ll
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6.3.9 Microwavc dielectric properties by cavity perturbation technique

Two main methods-nonresonant and resonant techniques-are available to

measure the permittivity at microwave range. Nonresonant methods such as

reflection methods and transmission/reflection methods [51, 52] can scan a wide

frequency range, but require a large sample and strict preparation. Resonant methods

like dielectric resonator and cavity perturbation methods [53, 54] are relatively more

accurate and flexible to sample size and preparation, but run at discrete frequencies.

Considering the shape of the single crystal, the resonant cavity perturbation method

is used to measure the dielectric properties of the N LO potassium hydrogen phthalate

crystals in the microwave S band frequency range.

The S band cavity resonator is excited in the TE!op mode. The resonant

frequency 'f()' and the corresponding quality factor 'Qo' of each resonant peak of

the cavity resonator, without sample placed at thc maximum of the electric field,

arc noted. The sample is introduced into the cavity resonator through the non­

radiating slot.

The resonant frequencies of the sample loaded cavity are selected and the

position of the sample is adjusted for maximum perturbation (that is, maximum

shift of resonant frequency with minimum amplitude for the peak). The new

resonant frequency f- and quality factor Qs are dctennined. The procedure is

repeated for other resonant frequencies. The frequency dependence of

effecti ve conductivity, dielectric constant and dielectric loss and absorption

coefficient are plotted in figure.6.26

From the figure it is clear that variation of dielectric constant with increase in

microwave frequency in the S band is negligible. Dielectric loss is very negligible

throughout the S band. The very low value of dielectric loss is an indication of the

better crystallinity of the crystals formed. Samples with low dielectric loss are need

for device applications. Conductivity is also very small indicating that sample is an

insulator to microwaves in the frequency range 2-3 GHz. It is found that absorption

coefficient increases slightly with frequency.

III••
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Fig 6.26 Variation of dielectric parameters with microwave frequency

6.3.10 Laser damage threshold studies

Laser damage studies on NLO crystals arc extremely important as the surface

damage of the crystal by high power lasers limits its performance in NLO

applications [55, 56]. The knowledge of multiple shot damage threshold is essential

as NLO crystals arc generally used for long durations in repetitive mode as per the

demands of various applications in research and industry.

A Q-switehed Nd: YAG (yttrium aluminum garnet) Quanta Ray laser of pulse

width 7 ns and 10Hz repetition rate operating in TEMoo mode is used as the source.

The energy per pulse of 1064 nm laser radiation is measured using an energy meter

(Rj-7620, (Laser Probe Ine). All the experiments arc performed on the freshly

cleaved (0 I0) plates. A piano-convex lens of focal length of 100 mm is used for

focusing the laser beam onto the sample.
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To determine the single shot damage threshold, the sample is irradiated at

different spots on the same crystal at different pulse energies. This is done to avoid

the cumulative effects resulting from multiple exposures. In the present investigation,

the resulting damage pattern is characterized by observing it with an optical

microscope and by scanning electron microscope. In our work, the damage almost

always occurred by the formation of white spark accompanied by audible sound.

According to Nakatani et al., [57] the multiple shot damage threshold value is

determined as the maximum power level at which the crystal remains undamaged

even after exposing it to 1800 pulses. The single shot (PI) and multiple shot (Pn)

damage threshold values for (010) cleaved plate of KA P is obtained to be 25 and

19.6 GW cm-2, respectively for 1064 nm Nd: YAG laser radiation.

Potassium hydrogen phthalate crystal is observed to have reasonably high

damage threshold value similar to the other solution grown nonlinear optical semi

organic crystals such as zinc tris thiourea suIfate (ZTS), bis thiourea cadmium

chloride (BTCC), L-arginine phosphate (LAP), dcutcrated LAP ... etc [58,59]. It is

generally noted that crystals having high specific heat exhibit higher resistance to the

laser damage as the rise in temperature with the laser irradiation is one of the

mechanisms causing the damage. The specific heat of LAP at room temperature is

reported to be 0.55 J g-I K- 1 [60] and has a damage threshold value of 13 GW/cm2

for 1064 nm laser radiation of 25 ns pulse width [61]. Since KAP has a room

temperature specific heat of 0.860 J g-I K- 1 one can expect a high threshold value for

laser damage and that is what we have observed in our investigation. In fact, the

average dislocation density in this crystal is estimated to be 103 cm -2 by chemical

etching. The very low value of dislocation density reveals the good crystalline

perfection in the grown crystal. The low value of dielectric loss found by microwave

absorption study also supports this. Crystals free from defects and imperfections with

good crystalline perfection will give high damage threshold value.

Figure.6.27(a) shows the single shot damage pattern of 1064 nm laser

radiation on (0 10) plate The scanning electron micrograph depicting the core of laser

induced damage for multiple shot I064 nm laser radiation is shown in Fig.6.27(b).

The different layers seen in the micrograph is the result of the rupturing of cleavage
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Figure.6.27(a) shows the single shot damage pattern of 1064 nm laser

rad iation on (010) plate The scanning electron micrograph depi cting the core of laser

induced damage for multiple shot l064 nm laser radiation is shown in Fig.6 .27(b) .

The different layers seen in the micro graph is the result of the rupturing of cleavage

planes. Th is opening up of clea vage planes in the damage pattern may be respo nsible

for the highly reflect ing area surround ing the co re of the damage . The multiple shot

laser damage pattern is elliptica l in nature. Fig. 6.27(c) show s the striation pattern

observed on the surface. due to the thermal strain developed on irradi ation with high

laser input power at the lime of damage.

Laser induced breakdown of materials is caused by vanous mechanisms.

namely. electron avalanche . mult iphoton absorption. pho to ioni zation by thermal

absorprionjSe] photoch emical dissociationf62J elcctrostrictive fracture. etc. Precisely

which one dom inates depends on various factors such as experimental geometry.

spec ific properties of the material under invcstigation. pulse width. and wavele ngth

of the laser radiation used r631. The morphology of the damage pattern in many

cases . give an insight into the nature and the possible origin of damage in the crystals

[64}. When the damage is predomin antly by thermal mechanism. the pattern s

observed do not show any symmetry and are characterized by melting and

resolidification of the material which will he generally circular or elliptical in nature

[65. 66]. The lower thresho ld values for multi ple shot experiments can be attributed

to the cumulative ther mal effects which become domin ant when there is insuffi cient

time between shots 10 allow heat dissipation.

l al Ih}
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Fig. 6.27 Laser damage pattern for (a) single shot (b) multiple shot (c) thermal

striation pattern

6.3.11 SHG studies

The SHG efficiency of KAP is measured hy usiog the Kurtz & Perry method

[67]. The sample is subjected to a Q-switched Nd: YAG laser with emission at 1064

nm having 7 os pulse width andlO Hz repetition rate. The generated SHG signal at

532 nm is split from the fundamental frequency using IR separators and measured.

The SHG efficiency is compared with KDP. From SHG test, the SHG efficiency of

the solution grown KAP crystal is found to be nearly 1.5times greater than that of

KDP and that of gel grown KAP is 2.1 times than that of KDP. The second-order

optical properties of organic crystals are very sensitive to the number of crystal

imperfections and defects [68. ~9]. So varying this factor one can additionally

enhance the susceptibility as this parameter may sometimes leads to the substantial

deviations in the second order optical data. Table (6.6) gives a comparison of the

second harmonic generation in the KAP crystal with KDP crystal for different laser

inputs.

•
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Table 6.6 SHG data ofKAP.

Laser input

2.7 ml

5.0 m]

KDP

118mV

211mV

solution grown KAP

177mV

317 mV

Gel grown KAP

247mV

443mV

The good crystalline perfection of the samples in the present study is

expected to be the reason for the high value of SHG efficiency. This study also

supports the fact that gel growth method results in the growth of perfect crystals with

good crystallinity even though the size of grown crystals is less compared with other

crystal growth methods [70, 71]

6.3.12 Third order NLO properties by Z scan technique

The demand for optical power limitcrs to provide sensor ancl eye protections

from laser radiation over a wide range of wavelengths is increasing because of the

wide range of existing laser wavelengths. Materials with strong nonlinear optical

properties are extensively investigated and generally well suited for the realization of

passive optical limiters, i.e., where the switching process between two different

transmission regimes is determined only by the intensity of the incoming light. An

ideal optical limiting material must meet several requirements in terms of high

nonlinear optical properties and damaging threshold together with 100v absorption

losses. Therefore, the realization of an optical limiter with a single bulk material is

still an open task.

The Z-scan method [72-74] provides a simple technique for measurement of

nonlinear properties of optical materials [75-78] and therefore it is becoming ever

more popular. The Gaussian pump beam is focused by a lens to obtain a sufficiently

small beam waist and high intensity. The sample is placed in the beam waist region

and it is scanned along the z-axis. At a sufficiently large distance from the sample, an

aperture with an on-axis narrow opening and a detector that detects the energy

changes behind the aperture are placed. When the sample is located far from the

beam waist, where the beam intensity is low, the transmission through the aperture is
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normalized to unity. As the sample is shifted closer to the waist, the induced

nonlinear absorption and nonlinear refraction index exert stronger influence upon the

beam and the normalized transmittance curve takes characteristic shape [72-78].

In our experiment we used Gaussian laser pulses of 532 nm, 7ns from the

second harmonic output of a hybrid mode-locked Nd: YAG laser operating at 10Hz

repetition rate. The crystal is fixed on a microprocessor controlled translation stage,

so that it can be accurately moved through the focal region of the laser beam. A fast

photodiode monitors the input laser energy, and a large area photodiode collects the

transmitted beam. For the closed aperture measurements, a suitable aperture is

placed in front of the photo diode. Data acquisition is facilitated by the use of a

personal computer.

Figure (6.28) clearly illustrates that the absorption increases as the incident

lightirradiance rises and that the light transmittance (T) is a function of the sample's

Z-position (with respect to the focal point at Z - 0). The RSA coefficient ~ (rn/W)

can be obtained from a best fitting performed on the experimental data of the OA

measurement with the equations (6.14) and (6.15)[78] where a and 0 are the linear

and effective third order NLO absorption coefficients, respectively, T is the time, I(z)

is the irradiance and L is the optical path length.

(6.14)

Q(Z)= pl(Z) (6.15)

The value of RSA coefficient p is found to be equal to be 9.089 cm/GW.

The peak to valley configuration of the closed aperture curve (Fig.6.29) is a

clear indication of a negative refractive nonlinearity exhibited by the medium [73].

The nonlinear refraction coefficient n2 (m2/W) is obtained through the following

equation

(6.16)
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The difference between the normalized transmittance at the peak and valley is

related to ~(Do by the relation

(6,17)

The value of n2 is calculated to be equal to -53.651 xl 0 -14 m2/W.

The molecular hyperpolarizability, Y, may be obtained to be 14.97x 10-24 esu with the

equation below [79]

(6.18)

The real and imaginary parts of the X3 of the sample can also be calculated by the

following equations [80, 81]

3 7 7
Re X (esu) = (cno-j 1201C) n2,

1111 X3 (esu) = (cnl?Lo/. /21t) ~

(6.19)

(6.20)

The value of the real part of nonlinear susceptibility Re X3 (csu) and

imaginary part Im XJ (esu) is found to be equal to -3.057x 10-11 esu and 0.4391 x in"
esu respectively.

Introducing the coupling factor p, the ratio of imaginary part to real part of

third-order nonlinear susceptibility,

p = Im x3
j Re £

The value of p in this case is found to be equal to 0 .143.

(6.21)

The observed value of coupling factor is seen to be less than 1/3, which

indicates that the nonlinearity is electronic in origin [82]. The open aperture curve

demonstrates a nonlinear absorption and the characteristic pattern of the curve shows

that the nonlinear absorption is reverse saturation absorption (RSA) implying that the

crystal can be effectively used for optical limiting applications, The peak to- valley
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configuration of the closed aperture curve suggests that the refractive index change is

negative, exhibiting a self defocusing effect. This may be an advantage for the

application in the protection of optical sensors. The delocalized 1t electrons enhance

the hyperpolarizability and the nonlinear susceptibility, which leads to large third­

order NLO properties.
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6.4 CONCLUSIONS

Investigations on the growth alld characterisation ofpotass;lIIn hydrogen
phthakue single crystals for nonllnear optical applications

We have grown optical quality single crystals of KAP by floating seed

technique and by gel growth method for the first time. Powder XRD data of gel

grown and solution grown KAP agrees well with the reported values. CHN analysis

and EDAX analysis are carried out to find the different elements incorporated in the

sample. The crystal has wide transparency window extending from 3l3nm to

1800nm. The optical band gap of KAP is found to be 4.1 eV. Linear optical

constants are found from the UV/V1SINIR absorption spectrum. Various functional

groups present m the crystal are confirmed by vibrational analysis.

Noncentrosymmetric crystal structure is established from vibrational spectra. The

relatively large value of Cp found from the thermal analysis reveals that KAP crystal

needs larger quantity of heat energy to get heated up, so that consequent damage due

to localised heating can be avoided, which enhances its prospects for applications in

laser assisted devices. Avcrage dislocation density found by chemical etching

studies is of the order of 103 cm-2, indicative of good crystalline perfection. It is

established that two dimensional nucleation and spreading of layers is the relevant

growth mechanism. Micro hardness analysis carried out in detail reveals the strong

binding force existing between neighboring atoms. The crystal has a micro hardness
7

value of Zfikg/mm".

The good crystalline perfection of the samples in the present study is

expected to be the reason for the high value of SHG efficiency. This study also

supports the fact that gel growth method results in the growth of perfect crystals with

good crystallinity even though the size of grown crystals is less compared with other

crystal growth methods. KAP crystal is observed to have reasonably high damage

threshold values similar to the other solution grown nonlinear optical semi organic

crystals. The nonlinear absorption in the material is reverse saturable absorption

(RSA) which implies that the crystal can be effectively used for optical limiting

applications. The peak to- valley configuration of the closed aperture Z scan curve

suggests that the refractive index change is negative, exhibiting a self defocusing

effect.
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Behind every new solid state device, there exists the contribution from a

single crystal. This means that many new crystals have to be grown and

characterized in order to assess their prospects in the design of newer and versatile

devices to meet the needs of the present century. A decrease of crystal defects and

inhomogenieties is demanded simultaneously with the development of large crystal

dimensions. Nonlinear optical crystals play a dominant role in the field of photonics.

Various kinds of organic nonlinear crystals have been developed in the past two

decades because of the possibility of extremely high optical nonlinearity.

The single crystal growth along with the characterisation of three nonlinear

optical crystals forms the basis of the present work. Two of them are completely

organic, based on amino acids, glycine and L-alanine and the other is semi organic,

potassium hydrogen phthalate. Glycinium oxalate single crystals are grown from the

saturated solution at ambient temperature using the precursors glycine and oxalic

acid. An aqueous solution of I: I molar ratio glycine and oxalic acid maintained at

60°C yields a white crystalline powder which is then recrystallized several times to

get ultrapure glycinium oxalate. It is then used for the preparation of seed crystals

and for making saturated solution for the growth of large sized single crystals.

Powder XRD study on the grown crystal agrees well with the reported single crystal

XRD data. CHN analysis confirms the molecular formula as C4H7N06 . The
\

vibrational analysis carried out using the FTIR and FT Raman spectroscopy shows

the presence of NH3+ ion, confirming the protonation of amino group leading to the

formation of glycinium oxalate molecule. The non centrosymmetry in the grown

crystals of glycinium oxalate is established on the basis of the excellent match

between the various vibrational frequencies in the infrared and raman spectra.
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Thermal studies carried out employing TGA/DTA and DSC techniques,

establish that the crystal has thermal stability up to 179°C (Melting point) and there

is no phase transition till the material melts. The specific heat Cp, evaluated using the

DSC data, is 898 J/kg K at 333k. This relatively high Cp value enhances its

prospects of applications in laser assisted devices. Vickers' microhardness analysis

carried out on the material suggests that the material belongs to soft material

category. The value of load independent resistance to deformation is calculated as

19.2 g. The value of elastic stiffness coefficient ell calculated is quite high, revealing

the strong binding forces between ions. Microtopography and chemical etching

studies are carried out to understand the growth mechanism and the nature and

density of dislocations present in the crystal. Dislocation density for solution grown

OLO, in the present study is about I04/cm2 which is quite small compared to many

other solution grown inorganic semiconductors. It is established that the growth

mechanism of GLO single crystals in the present work is 2D nucleation and

subsequent spreading of layers.

From the optical absorption studies in the UV/Vis/N IR range, it is seen that

the GLO crystal has a wide transparency window ranging from 324 nrn to 2500nm

and the absorption throughout this range is very small. This aspect highlights its

prospects of applications as a material for higher harmonic generation in nonlinear

optics. The optical band gap of the material is found to be 3.9 eV. The values of the

linear optical constants, CL, nand k are evaluated from these studies and these values

are used to compute the non linear optical parameters from the Z scan studies.

The value of dielectric constant at the microwave frequency in the S band is

calculated as 3.3 for GLO crystals and it remains almost constant with increase in

frequency in the frequency range 2-3 GHz. The value of dielectric loss for this

crystal is very small which is of the order of 0.006, and is an indication of the

crystalline perfection of the grown crystal.

The photoluminescence spectrum obtained, on exciting with 260nm radiation

shows an emission peak at 470 nm which is assigned to a lattice related de ­

excitation process from the LUMO to HOMO. This intense emission peak at 470 nm
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observed in GLO crystal extends ample scope for further detailed investigations in

this direction.

Kurtz & Perry Powder technique is employed to investigate the second

harmonic generation (SHG) process in this crystal. The SHG efficiency of the crystal

is found to be 0.92 times that ofKDP.

The single shot (PI) and multiple shot (P1J laser damage threshold values for

(010) cleaved face of GLO are found to be 15.5 and 11.5GW cm-2, respectively for

1064 nm, pulsed Nd: YAG laser radiation. Open aperture Z scan studies carried out

using 532nm radiation of the pulsed Nd: YAG laser of 7ns pulse width shows that

there is reverse saturable absorption (RSA) in the material and two photon absorption

is the mechanism responsible for RSA. The peak-valley structure of the curve

obtained in the closed aperture Z scan studies is a clear indication of a negative

nonlinear refraction exhibited by the crystal. The nonlincar refraction coefficient

n2(m2/W), hyperpolarizability (y) and the real and imaginary parts of X (3) are

evaluated. The ratio of the imaginary part of third order susceptibility to its real part

is less than 1/3 which indicates that the observed non linearity in this crystal is

electronic in origin.

In the present work, top seeded solution growth technique at ambient

temperature is found to yield optical quality crystals of 1- alaninium oxalate (LAO) of

size 40 mm> l Smrn-Bmm in three weeks time, which is reported for the first time.

As before, the chemical composition of LAO is confirmed on the basis of CHN

analysis and the crystal structure, by XRD analysis. The protonation of the amino

acid group leading to the formation of LAO molecule is confirmed based on FTlR

and Raman studies. Here also the excellent match between the various vibrational

frequencies in the infrared and Raman data confirms that the grown LAO crystal is

non centrosymmetric. The thermal studies on LAO crystal using TGA/DTA and

DSC techniques show that the material is stable up to its melting point of 19i'c
which is higher than that of GLO crystal. The value of Cp calculated from the DSC

data is also greater than that of GLO. As before, from the micro hardness studies, the

strong binding nature of ions in the crystal is established, which is an indication of its

stability. Dislocation density evaluated for LAO crystal on the basis of etching study

!iD
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is of the order of 103 /crrr' which is an order of magnitude less than that of OLD. The

growth mechanism in LAO crystal is identified as 20 nucleation and subsequent

spreading oflayers.

In this material, from the optical absorption studies, the transparency window

is found to extend from 318 nm to 1524nm and the optical band gap estimated is

around 4.01 eV. As before the linear optical constants n, k and a are determined.

PL spectrum shows a broad peak centered at 440 nm with intensity

comparable to that of conducting polymers and polymer composites when excited

with 300nm radiation, which is also assigned to a lattice related LUMO to HOMO de

excitation process. The very low value of dielectric loss (0.016) obtained from the

microwave absorption studies shows the good crystalline perfection of the grown

LAO crystal.

SHG efficiency evaluated as explained before is 1.8 times that of L alanine

and 2.3 times that of KDP. For the (100) plane, the single shot laser damage

threshold PI = 29.64 GW/cm2 and multiple shot damage threshold Pn = 20.60

GW/cm2 and these values are much higher compared to GLO. Reverse saturable

absorption (RSA) due to two photon absorption is confirmed from the open aperture

Z scan method. Negative nonlinear refraction present in the material is observed in

closed aperture Z scan experiment. As before the various nonlinear optical

parameters are evaluated for this material also.

In the growth of potassium hydrogen phthalate (KAP) single crystals, both

floating seed technique and gel growth method are employed. In floating seed

technique, the seed crystal placed on the saturated solution remains on the surface by

surface tension and grows by evaporation of the solution. In three weeks time,

hexagonal crystals without any inclusions and defects with size 12 mm> 1Ommx 5

mm are obtained.

Solubility reduction method employing sodium meta silicate gel is also tried

for the growth of KAP crystals. A PH value of 5 is maintained for the gel and 3

molar KAP solution is added to the gel. A mixture of ethyl alcohol and acetone is
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poured over the gel and it is seen that in about one month, crystals of size 5 mmx

4mm x 3mm are grown.

CHN analysis and EDAX are used to confirm the formation of potassium

hydrogen phthalate. Powder XRD data of the solution grown and gel grown KAP

crystals matches very well with the reported values. Excellent thermal stability up to

298°C (melting point) is observed In KAP crystal without any phase transition. The

Cp value at 333K is 860 J/kg K, which is quite high. Vickers' microhardness

analysis shows that KAP belongs to the soft material category and is a stable material

owing to the strong binding forces between the ions.

Layer growth is seen to be the prominent growth mechanism in the crystals

grown by floating seed technique and also by gel growth method. Dislocation

density is small (103/crrr') and comparable to GLO and LAO. The crystal has a wide

transparency window from 313nm to 1800 nm. Optical band gap is found to be

4.1 ev. The linear optical constants are also determined. The low dielectric loss found

in the material by cavity perturbation technique underlines the crystalline perfection.

SHG efficiency is found to be 1.5 times that of KDP for solution grown

crystals and 2.1 times that of KDP for gel grown crystals. Gel grown KAP crystal

shows enhanced SHG output owing to the better crystalline perfection with lesser

defects, which is a positive aspect of the gel growth technique.

The value of single shot laser damage threshold is 25 GW /cm 2 and that of

multiple shot laser damage threshold is 19.6 GW/cm2
• The optical limiting and the

non linear refraction in this crystal are established based on open aperture and closed

aperture Z scan studies, similar to GLO and LAO crystals, and the various nonlinear

optical parameters are evaluated.

A comparative analysis of the vanous important parameters of the three

grown crystals, GLO, LAO and KAP is carried out for their possible applications in

nonlinear optics.
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The results of the present investigations allow ample scope for further

investigations in these single crystals as outlined below

• Studies on the prospects of OLO and LAO crystals as bio compatible capping

agents for ZnS and ZnO nano particles for bio medical imaging and targeted

drug delivery applications can be carried out.

• Other growth methods like melt growth can be employed to get still bigger

crystals of OLO, LAO and KAP for possible industrial applications.

• Frequency doubling is a phase-sensitive process which usually requires phase

matching to be efficient and hence the phase matching study for the crystals

is to be done. The optimum crystal length and pump beam radius, taking into

account factors such as beam divergence, spatial walk-off, group velocity

mismatch, beam quality etc are to be studied in detail for device fabrication

applications.

• Suitable dopants can be incorporated to modify the NLO behaviour of these

crystals.

• Microwave absorption studies can be extended to the whole micro wave

region.
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