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ABSTRACT 

 

 Man had admired crystals for long time for their beauty. The gems 

and crystals delivered by the earth have always attracted mankind and the belief 

in the virtues of gems and some minerals dates back to at least two thousand 

years. The use of gems for ornamental purposes appears to be in practice since 

the birth of mankind. Today, crystals are the pillars of modern technology. 

Without crystals, there would be no electronic industries, photonics industry and 

fiber optic communications. In the past few decades, there has been a growing 

interest in crystal growth process, particularly in view of the increasing demand 

of materials for technological applications. Growth of single crystals and their 

characterization towards device fabrication have assumed great impetus to their 

importance for both academic and applied research. 

 

 Formate crystals are of considerable interest, particularly for the basic 

studies of some of their interesting physical properties. Metal formate crystals of 

groups I and II of the periodic table exhibit remarkable nonlinear optical 

properties comparable to that of the best nonlinear materials used for efficient 

frequency doubling of a YAG:Nd  and for the phase matched SHG for ruby 

laser. 

 

 In the present study, an attempt was made to grow pure and (glycine 

and urea) doped strontium formate dihydrate single crystals and to understand 

the effect of doping on the physico-chemical properties of strontium formate 

dihydrate single crystals. High energy electron beam irradiation produces 

electronic excitation or ionization in solids which leads to many changes in their 

physicochemical properties, also introduces the defects in the crystal which 

affects the physical and chemical composition. It is known that when an electron 

beam passes through the matter, it causes damage depending on the energy and 

flux density of the incident electron beam. Disordering the crystal lattice and 

their composition by electron fluencies mainly tune the electrical conductivity, 
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Second Harmonic Generation efficiency (SHG) and optical properties depending 

upon the extent of the damage caused and the penetration depth of electrons. 

This motivated us to study the effect of high energy electron beam irradiation (8 

MeV) on the physico chemical properties of SFD single crystals grown in the 

present study.  

 

 SFD is found to be orthorhombic with space group P212121 with the   

following crystal data. 

Molecular formula   : Sr (HCOO) 2.2H2O 

Molecular weight     : 177.6 

Lattice parameters   : a = 7.332(1) Å    

    b = 12.040(1) Å 

    c = 7.144(1) Å 

 

 A thorough literature survey shows that research work on strontium 

formate dihydrate is scanty. Most of the works reported in the literature are 

based on spectroscopic analysis of SFD and less attention has been given to the 

properties. Also, electron beam irradiation has emerged as a superior technique 

to increase the SHG efficiency of the crystals due to the advantages described 

earlier. This has prompted us to take up this research proposal.  

 

 In the present work, we have doped SFD crystals with glycine and 

urea to study the effect of doping and electron beam irradiation on the physico-

chemical properties of the crystals grown. The optimum EB dose and doping 

concentration for obtaining maximum SHG efficiency have been identified. 

 

 Pure and doped (glycine and urea) strontium formate dihydrate 

crystals are grown by slow evaporation method. The crystals grown were 

characterized by elemental analysis, powder X-ray diffraction (PXRD), high 

resolution X-ray diffraction (HRXRD), FT-IR, UV-Vis, FT-Raman spectral 

analyses, microhardness, SHG efficiency measurements and electrical 

conductivity studies. The PXRD, HRXRD, FTIR spectral, elemental and 
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thermogravimetric analyses indicate that the doped molecules have entered into 

the SFD crystal matrix.  The grown crystals are found to be thermally stable up 

to 72 °C and have less than two water molecules. Different stages of thermal 

decomposition of the crystal were determined and discussed. All the crystals 

grown by free evaporation method are found to be transparent in the wavelength 

range 220 – 1200 nm. The crystals grown are NLO active and belong to soft 

material category. 

 

 The present study indicates that doping SFD with (glycine and urea) 

leads to significant tuning in optical transmittance, SHG efficiency and 

microhardness. So, glycine and urea addition leads SFD to become a potential 

material useful in optical applications. 

 

 The effect of electron beam irradiation on stability and SHG 

efficiency of pure and glycine doped SFD crystal showed interesting results. 

Results obtained through PXRD, FTIR, SEM and TG/DTA conclusively show 

that electron beam irradiation of SFD leads to formation of SrCO3 by the 

interaction of reactive species such as OH radicals and ozone generated by 

electron beam interaction with moisture and oxygen present in the environment 

of the crystal. SEM analysis revealed that when irradiation dosage was increased 

the concentration of second phase also increased (bright bands) due to electron 

induced radiolysis of air and moisture. HRXRD result clearly indicated that the 

increase in EB dosage results in more imperfections in the crystal. Due to heat 

generation during EB irradiation at higher dosage, crystal surface becomes 

amorphizized in nature.  

 

 Results of optical transmission and SHG efficiency measurements 

indicate that optical transmittance and SHG efficiency increase with EB 

irradiation and the EB irradiated crystals would find more utility than the non-

irradiated crystals in optical applications.  
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The details of of research work carried out in the present study are presented and 

discussed in the thesis. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 CRYSTALS AND CRYSTAL GROWTH 

 Man had admired crystals for a long time for their beauty. The 

gems and crystals delivered by the earth have always attracted mankind and 

the belief in the virtues of gems and some minerals dates back to at least two 

thousand years. The use of gems for ornamental purposes appears to be in 

practice since the birth of mankind. Today, crystals are the pillars of modern 

technology. Without crystals, there would be no electronic industries, 

photonics industry and fiber optic communications. In the past few decades, 

there has been a growing interest in crystal growth process, particularly in 

view of the increasing demand of materials for technological applications.  

 The solid state materials are classified in to single and poly crystals. 

Depending upon the arrangement of atoms or ions present they can be further 

classified as amorphous or crystalline. Growth of crystals is of prime 

importance in order to get these crystals to be used for various applications. 

The crystal growth is an interdisciplinary field and fundamental part of 

materials science and engineering. The development of modern technologies 

by the physicists, chemists, electrical engineers, metallurgists and crystal 

growers assist to each other at many levels. The crystals with suitable size and 

perfection are an important to acquisition of data for practical devices, such as 

detectors, integrated circuits and for other applications (Laudise 1970; Brice 

1986).   
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 The growth of crystals is in high demand due to the recent 

advancements in the field of semiconductors, polarizer’s, transducers, infrared 

detectors, ultrasonic amplifiers, ferrites, magnetic garnets, solid state lasers, 

nonlinear optic, piezoelectric, acousto-optic, photosensitive materials and 

crystalline thin films for microelectronics and computer industries. The 

fantasy of science behind crystal growth was understood more thoroughly 

from the natural laws of mathematics, physics and chemistry. The crystal 

structure and compositions are analyzed by new modern methods as well as 

with the help of spectroscopic techniques. The external shapes, planes and 

colours were correlated with the internal atomic content and their 

arrangements in unequivocal terms. 

 Rapid advances in solid-state physics have been responsible for the 

development of a wide range of crystals. With the advent of electronic 

devices, use of crystals became inevitable for further developments in modern 

technology. Crystal growth, which was earlier a relatively narrow field of 

materials science, has now been identified as a thrust area of science and 

technology. This became true after the discovery of novel materials which 

bridge the gap between technology and human life. As a result, crystal growth 

has developed into a core discipline in materials science and a comprehensive 

work on crystal growth mechanism has come up (Byrappa & Ohachi 2002; 

Laudise 1970; Buckley 1951). Large crystals are usually essential for device 

fabrication, and it must be possible to grow crystals of good optical quality for 

utilization (Tang 1995). Efforts are made to grow large crystals in short 

durations by fast-growth techniques. 

1.2  METHODS OF CRYSTALS GROWTH 

 The process of crystal growth is controlled by change of state, or 

phase change, to the solid state. This transition may occur from the solid, 

liquid or vapor state. Depending on the phase transitions involved in the 
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process, the crystal growth methods can generally be classified into four main 

categories (Buckley 1951; Laudise 1970; Pamplin 1975; Brice 1986)  

 Solid growth (solid  solid)  

 Vapor growth (vapor  solid)  

 Melt growth (liquid  solid)  

 Solution growth (liquid  solid)  

 The conversion of a polycrystalline piece of material into single 

crystal by causing the grain boundaries to be swept through and pushed out of 

the crystal takes place in the solid-growth of crystals (Mullin 1972). Solid 

growth processes are rarely used except for certain metals where strain 

annealing is effective and certain cases where a crystal structure change 

occurs between the melting point and room temperature. An efficient process 

is the one, which produces crystals adequate for their use at minimum cost. 

Better choice of the growth method is essential because it suggests the 

possible impurity and other defect concentrations. Choosing the best method 

to grow a given material depends on material characteristics. It seems that the 

essential task for the crystal growers at present is to gain basic knowledge 

about the correlation of given material with crystal growing method and the 

growth conditions defined to be special parameters. On analyzing these points 

one can find which technique is appropriate for a given material. Various 

growth techniques are discussed in further sections with more emphasis on 

solution growth technique.  Crystals can be grown by any one of the 

following methods. 

 Melt growth 

 Vapor growth 
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 Hydrothermal growth 

 Gel growth 

 Electro crystallization 

 Solution growth 

  The general condition for all the above processes is that the 

growing crystals must have lower free energy than the initial state of the 

system. The choice of a method for growing a crystal depends on the physical 

and chemical properties of the material also. 

1.2.1  Melt Growth 

 Melt growth is the process of crystallization by fusion and 

resolidification of the pure material on cooling the melt below its freezing 

point. In this technique apart from possible contamination from crucible 

materials and the surrounding atmosphere, no other impurities are introduced 

in the growing crystals. The rate of growth is normally higher than that of 

other possible methods. Hence, the melt growth is commercially the most 

important method of crystal growth. The growth from the melt can be sub-

grouped into various techniques and the process involved is discussed as 

follows. 

 Bridgman technique 

 Czochralski technique 

 Verneuil technique 

 Zone melting technique 

 Heat exchanger method 
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 The Bridgman technique is a method of growing single crystal 

ingots or boles.  It is possible to grow crystals of any desired shape by the 

selection of the appropriate shape of the crucible. This method is popular for 

producing semiconductor crystals such as gallium arsenide. This method 

cannot be used for materials which decompose before melting. The relative 

advantages of this technique are low cost, density-stable system and less 

prone to convection effects.  

 The Czochralski technique was used to obtain single crystals of 

silicon, germanium. It was named by Jan Czochralski while investigating the 

crystallization of metals. In this technique, the melt is normally taken in a 

crucible and the temperature is raised to few degrees above the melting point. 

A precisely oriented seed crystal, mounted on a rod is dipped into the melt. 

The rod is very slowly pulled upwards and rotated at the same time. By 

precisely controlling the temperature gradients, rate of pulling and speed of 

rotation, it is possible to extract a large single crystal, cylindrical ingot from 

the melt.  

 The principle of Verneuil technique is to melt the finely powdered 

substance through the oxygen-hydrogen flame. The melt falls on the crystal 

which is kept just below the melting point of the substance. The melt freezes 

into a single layer. By this process, a specific desired crystallographic 

orientation can be achieved by using a custom-oriented seed crystal. This 

method is widely used in the growth of synthetic gemstones.  

 Zone melting technique is to purify crystals during the growth 

process. A small liquid zone is created by melting a small amount of materials 

in an ingot and moved up and down. The impurities concentrate in the melt 

are moved to one end of the ingot. This process is also known as the float 

zone process, particularly in semiconductor materials processing. A heat 

exchanger is a piece of equipment for transfer of heat from one medium to 
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another. The media may be separated by a solid wall, so that they never mix, 

or they may be in direct contact. This method is widely used in chemical 

plants, petroleum refineries, refrigeration, natural gas processing, and sewage 

treatment.  

 The major practical factors to be considered during the growth of 

crystals from a melt are volatility or dissociability, the chemical reactivity and 

the melting point. The volatility or dissociability is probably the most 

important factor. Those materials which exhibit the volatility of one or more 

of their components require special melt growth technique to prevent 

evaporation loss during growth. The chemical reactivity of a material 

determines many practical matters in the growth of all materials. For non 

volatile materials, it is important to know the reactivity of the material with 

the crucible and its gaseous environment. Additionally in the case of volatile 

materials, the reactivity of the volatile components with all accessible 

surfaces in the growth chamber should be known. Particularly, high melting 

point materials require one of the noble metals as a crucible material. High 

melting point inevitably cause problems with high temperature gradients and 

these can bring severe convection problems. High temperature gradients can 

be responsible for thermal shock and stress in materials, which are severe 

problems in oxide materials (Pamplin 1980). 

1.2.2 Vapour Growth 

 Crystal growth from vapor is probably the most versatile of all 

crystal growth processes, although the large number of variables involved 

tends to make it a relatively difficult process to control. The crystals are 

grown conveniently from the vapor phase when the substance undergoes 

sublimation at atmospheric pressure. 
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             In addition, the lower density of the molecules in the crystal growth 

environment leads to a lower growth rate than that achieved from 

stoichiometric melts. As a result, its use for the growth of bulk single crystals 

is generally limited to materials, which cannot readily be grown from the 

liquid phase, such as II-VI group compounds and silicon carbide. Its most 

important use is in the production of epitaxial layers. This process is of great 

commercial significance, since it forms the basis of many semiconductor, 

optoelectronic and acousto-electric devices (Sangwal 1994).  

1.2.3 Hydrothermal Growth 

 In hydrothermal growth, high pressure as well as high temperature 

are used to solubilize, otherwise insoluble materials, such as quartz, calcite, 

alumina, and antimony sulfoiodide, in water. The hydrothermal technique is 

well suited for materials that otherwise require high temperature 

crystallization because the temperature is low during growth compared to the 

melting point of the material. The well-known example is quartz, which was 

reported by Brice (Brice 1986). The main advantages of hydrothermal growth 

over solution methods are as follows:   

 Growth of low temperature polymorphs of refractory materials  

 Suited for growing large quantities of single crystals 

 Prepares high quality and very homogeneous single crystals   

 Some of the disadvantages of this technique are as follows:   

 Frequent incorporation of OH-  ions into the crystal, which 

makes them unsuitable for many applications  
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 Due to high pressure, it is not possible to observe the growth 

process  

 Unsuitable to be employed for preliminary exploratory materials 

in research 

1.2.4 Gel Growth  

 The growth of single crystals in gel is a self-purifying process free 

from thermal strains which are common in crystals grown from the melt. 

Crystal growth in gels is a promising technique for growing single crystals of 

substances which are slightly soluble in water and which cannot be grown 

conveniently from melt or vapor. The gel method has also been applied to 

study the crystal formation in urinary calculi and rheumatic diseases. Based 

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

growth process, gel method can be classified into four categories:  

 Chemical reaction method  

 Chemical reduction method  

 Solubility reduction method  

 Complex dilution method   

1.2.5 Electrocrystallization  

  Electrocrystallization is the basis for important fields such as 

corrosion, energy storage and generation, electrodeposition, electronics 

material development, electro refining, electro twinning etc. Crystallization 

without chemical transformation or charge transfer is the simplest case. In 

certain instances, the crystallization is determined by a chemical 

transformation occurring prior to or simultaneously with the crystallization 
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process. The role played by the chemical reaction is to supply the material, 

which crystallizes. Electro crystallization is the process, which leads to the 

formation of a new face at the electrode/electrolyte interface, which in turn 

plays a major role (Pamplin 1980). 

1.2.6 Growth from Solution   

 Materials, which have high solubility and have variation in 

solubility with temperature, can be grown easily by solution method. There 

are two methods in solution growth depending on the solvents and the 

solubility of the solute. They are:  

 High temperature solution growth   

 Low temperature solution growth   

1.2.6.1 High temperature solution growth  

  Flux and hydrothermal methods form the category of high 

temperature solution growth. In the growth of crystals from high - 

temperature solution, the constituents of the material to be crystallized are 

dissolved in a suitable solvent and crystallization occurs as the solution 

becomes critically supersaturated. The supersaturation may be promoted by 

evaporation of the solvent, by cooling the solution or by a transport process in 

which the solute is made to flow from a hotter to a cooler region. The high 

temperature crystal growth can be divided into two major categories: first one 

is growth from single component systems and the second one is that from 

multi-components.  

 This technique can be used for the crystallization of oxide 

compounds which generally have high melting points as well as for materials 

which have phase transitions below the melting point. One major 
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disadvantage of this method is the corrosive nature of the fluxes used, which 

attack the common furnace materials (Hubner 1969).  

1.2.6.2  Low temperature solution growth   

 Growth of crystals from aqueous solution is one of the ancient 

methods of crystal growth. It is the most widely used method for the growth 

of single crystals, when the starting materials are unstable at high 

temperatures and also which undergo phase transformations below melting 

point. Materials having moderate to high solubility in temperature range, 

ambient to 100 °C at atmospheric pressure can be grown by low temperature 

solution method.The mechanism of crystallization from solution is governed, 

in addition to other factors, by the interaction of ions or molecules of the 

solute and the solvent which is based on the solubility of substance on the 

thermodynamical parameters of the process; temperature, pressure and 

solvent concentration. 

 The advantages of crystal growth from low temperature solution 

nearer the ambient temperature results in the simple and straight forward 

equipment design which gives a good degree of control of accuracy of ±0.01 

ºC. Due to the precise temperature control, super saturation can be very 

accurately controlled. Also efficient stirring of solution reduces fluctuations to 

a minimum. The low temperature solution growth technique is well suited to 

those materials which suffer from decomposition in the melt or in the solid at 

high temperatures and which undergo structural transformations while cooling 

from the melting point and as a matter of fact numerous organic and inorganic 

materials which fall in this category can be crystallized using this technique. 

The low temperature solution growth technique also allows variety of 

different morphologies and polymorphic forms of the same substance to be 

grown by variations of growth conditions or of solvent. The proximity to 
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ambient temperature reduces the possibility of major thermal shock to the 

crystal both during growth and removal from the apparatus.   

 The main disadvantages of the low temperature solution growth are 

the slow growth rate in many cases and the ease of solvent inclusion into the 

growing crystal. Under the controlled conditions of growth the solvent 

inclusion can be minimized and the high quality of the grown crystal can 

compensate the disadvantage of much longer growth periods. Since growth is 

carried out at room temperature, the structural imperfections in solution 

grown crystals are relatively low. Three principal methods are used to 

produce the required super saturation.  

 Slow cooling of the solution  

 Slow evaporation of the solvent  

 The temperature gradient method.    

1.2.6.3 Slow cooling technique   

 This is the most suitable method among various methods of 

solution growth to grow wide variety of crystals. The main limitation is the 

need to use a range of temperature. The possible range of temperature is 

usually small so that much of the solute remains in the solution at the end of 

the run. To compensate this effect, large volumes of solution are required. 

The use of a range of temperatures may not be desirable because the 

properties of the grown material may vary with temperature. Even though the 

method has technical difficulty of requiring a programmable temperature 

control, it is widely used with great success. The temperature at which 

crystallization happens is usually within the range 45 - 75 °C and the lower 

limit of cooling is the room temperature. Some of the temperature controlled 
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protein crystal (Warkentin & Thorne 2010; Garrman & Owen 2006; Kmetko 

et al. 2006) was grown by slow cooling technique. 

1.2.6.4 Slow evaporation method 

 This method is similar to the slow cooling method in view of the 

apparatus requirements. The temperature is fixed constant and provision is 

made for evaporation. With non-toxic solvents like water, it is permissible to 

allow evaporation into the atmosphere. Typical growth conditions involve 

temperature stabilization to about ± 0.005 °C and rates of evaporation of a 

few ml/h. The slow evaporation technique of crystal growth have the 

advantage that the crystals grow at a fixed temperature. But inadequacies of 

the temperature control system still have a major effect on the growth rate. 

This method is the only one, which can be used with materials which have 

very small temperature coefficient of   stability.    

 A series of organic and semi-organic crystals like urea L-therionine 

(Jaikumar & Kalainathan 2008), urea D-tartaric acid and urea DL tartaric acid 

crystals (Meng et al. 1998: Meng et al. 1996; Kumar et al. 2005; Murugan & 

Ramasamy 2011; Shanmugam et al. 2013; Dinakaran & Kalainathan 2013) 

was grown by slow solvent evaporation method. 

1.2.6.5 Temperature gradient method   

 This method involves the transport of the materials from a hot 

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

solution is supersaturated and the crystal grows. The main advantages of this 

method are:    
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 Crystal grows at a fixed temperature   

 This method is insensitive to changes in temperature provided 

both the source and the growing crystal undergo the same 

change.   

 Economy of solvent and solute     

 On the other hand, changes in the small temperature differences 

between the source and the crystal zones have a large effect on the growth 

rate. Excellent quality crystals of ferroelectric and piezo-electric materials 

such as ammonium dihydrogen phosphate, potassium dihydrogen phosphate 

and triglycine sulphate are commercially grown by low temperature solution 

growth method for device applications (Srineevasan & Rajasekaran 2013). 

The temperature gradient method is one of the most popular methods of 

growing commercial CsI(Tl) scintillators (Loef et al. 2002; Shah et al. 2003; 

Glodo et al. 2005; Loef et al. 2009; Courchesne et al. 2009; Jitpukdee et al. 

2011), CdTe crystal (Shin & Sun 1998), etc. 

1.3   GROWTH OF SINGLE CRYSTALS 

 Crystals are ordered arrangements of atoms or molecules. A 

material in crystalline form has special optical and electrical properties, in 

many cases improved properties over randomly arranged materials. A 

crystalline material can be either a single crystal or polycrystalline. A single 

crystal consists of only one crystal, whereas the polycrystalline material 

consists of many crystals separated by well defined boundaries. It is difficult 

to prepare single crystals when compared to polycrystalline materials, and 

more effort is needed for the growth of single crystals. There are two principal 

reasons for the deliberate growth of single crystals. 
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 Many physical properties of solids are complicated by the 

effects of grain boundaries. 

 The full range of tensor relationships between an applied 

physical cause and an observed effect can be obtained only if 

the full internal symmetry of the crystal structure is maintained 

throughout the specimen. 

1.4   IMPORTANCE OF CRYSTALS AS OPTICAL MATERIALS 

 Although most of the early improvements in optical devices were 

due to advancements in the production of glasses, the crystalline state has 

taken an increasing importance later. Synthetic crystal growing techniques 

have made available single crystals such as lithium fluoride (of special value 

in the ultraviolet region, since it transmits at wavelength down to about  

120 nm), calcium fluoride and potassium (useful as a prism at wavelength up 

to about 25 m in the infrared). Alkali halide crystals are important because 

they transmit into the far–infrared. Single crystals are indispensable for 

transforming, amplifying and modulating light. Birefringent crystals serve as 

retarders or wave plates, which are used to convert the polarization state of 

the light. In many cases, it is desirable that the crystals not only be 

birefringent but also behave nonlinearly when exposed to very large fields 

such as those generated by intense laser beams. A few examples of such 

nonlinear crystals are ammonium dihydrogen phosphate, potassium 

dihydrogen phosphate, beta barium borate, lithium borate and potassium 

titanyl phosphate. 

1.5  NON LINEAR OPTICAL (NLO) CRYSTALS 

 When an electromagnetic wave propagates through a material, the 

electric field induces a time varying polarization in the medium. In a linear 
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medium the magnitude of the induced polarization is proportional to the 

amplitude of the electric field. In nonlinear optical materials this is not the 

case, especially when the amplitude of the electric field is large. An intense 

light beam, such as a laser beam, propagating through a nonlinear optical 

material will produce effects that cannot be observed with weak light beams. 

The basic requirement for a nonlinear crystal is that it should have an 

excellent optical quality. Hence, it is necessary to grow single crystal 

specimen of good optical quality. Thus, in many cases the search for new and 

better non-linear optical materials is very largely a crystal growing effort. It is 

realized that the requirements on optical quality for nonlinear optics are more 

stringent than even the most exciting requirements on optical quality for 

materials used in linear optics. For a successful device fabrication, it is 

essential for a material to meet a number of criteria in crystal properties. The 

relevant issues include reliable crystal growth techniques, ready availability, 

optical non-linearity, birefringence, moderate to high transparency and optical 

homogeneity for high conversion efficiency, mechanical strength, chemical 

stability, cutting and polishing feasibility, phase matching bandwidth, fracture 

toughness, thermo-mechanical properties for high average power, high laser 

damage threshold and brittleness index for lifetime and system capability 

which are essential to make an ideal device. 

 The phenomenon of the SHG in a quartz crystal was first reported 

by (Franken et al 1961), which led to the development of many NLO 

materials. Some of the popular NLO crystals grown were lithium niobate 

(LiNbO3), potassium niobate (KNbO3), barium titanate (BaTiO3), potassium 

titanyl phosphate (KTiOPO4), potassium dihydrogen phosphate (KH2PO4), 

lithium iodate, barium borate and numerous organic and semi-organic 

materials.  
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  NLO materials are a special class of materials, which have a huge 

impact on laser, information technology and industrial applications because of 

their ability to change the frequency of an incoming laser beam by modifying 

its amplitude and phase (Shankar et al. 2013). Therefore, lasers alone cannot 

be used without NLO crystals (Jothi & Ramamurthy 2011). Hence, the 

development of NLO crystals with better linear optical  and NLO properties, 

wider spectral transmission and phase matching range is obviously essential 

for further broadening the applications of lasers such as image applications, 

frequency multipliers, mixers, parametric oscillators, and other functions in 

the deep-UV, far IR, and even THz spectral regions (Madhurambal & 

Bhuvana 2013).   

1.6  GROWTH OF DIFFERENT CLASSES OF NLO CRYSTALS 

1.6.1  Inorganic Crystals   

 Inorganic materials are preferred for NLO applications over organic 

materials.  The single crystals of pure inorganic materials, such as quartz, 

lithium niobate (LiNbO3), potassium dihydrogen phosphate, potassium titanyl 

phosphate, exhibit excellent NLO properties. These are the pure inorganic 

materials used in second harmonic generating devices, parametric oscillators, 

etc (Bringley & Rajeswaran 2006; Laudise 1970; Laurent et al. 1995; 

Sugiyama et al. 2013; Mena et al. 2013). Some of the familiar properties of 

inorganic host materials are large mechanical strength, excellent thermal 

stability, good transmittance, and high electro-optic coefficients as well as 

high degree of chemical inertness (Xue & Ratajczak 2005; Xue & Zhang 

1999; Sun et al. 2005; Kumaresh et al. 2014). The most familiar single crystal 

is potassium dihydrogen phosphate which exhibits superior NLO properties 

and have been used as reference materials for comparison with other 

crystalline materials.  The transmittance, hardness and dielectric constants are 

improved by growing potassium dihydrogen phosphate crystals by 
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Sankaranarayanan-Ramasamy method compared with the conventional slow 

evaporation method (Rajesh et al. 2002; Balamurugan & Ramasamy 2008). 

NLO materials such as lithium sulphate, potassium lithium niobate and 

lithium triborate have peculiar advantages such as a large laser damage 

threshold, high phase matching angle, wider transparency range and chemical 

stability. Additionally, lithium sulphate monohydrate has been classified as a 

promising material for Raman laser frequency converters (Manimekalai et al. 

2014). However, in these systems, the nonlinear responses are undoubtedly 

related to individual bond polarizability. Due to a lack of extended  electron 

delocalization, the inorganic materials have modest optical nonlinearities.  

Due to the difficulty of synthesizing towards particular directions, newer 

materials are currently being explored, and this has led to a new class of NLO 

materials (Xu & Xue 2008).      

1.6.2  Organic Crystals  

 Organic materials are molecular materials that consist of 

chemically bonded molecular units interacting in the bulk media through 

weak Vander Waals interactions. The organic molecules which contain both 

conjugated bonds and acceptor group on one side and a donor group on the 

other side are known as NLO materials. A typical SHG active molecule can 

be represented as follows:  

 Donor        – conjugated system  acceptor  

 The  – conjugated molecules with a donor and acceptor will not 

display SHG activity if they possess a centre of symmetry. This symmetry 

requirement eliminates several materials for consideration of SHG. The  

conjugated systems would be benzene, azobenzene, stilbene, tolans, biphenyl, 

heterocyclic, polyens, benzylidene, etc. Some acceptor groups are, for 

instance, NO2, NO, CN, NH3
+, CF3, COCH3, COOH, COO-, etc., whereas  
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some donor groups are NH2, NHCH3, FCl, Br, CH3, COOCH3, NHCOCH3, 

and O- etc.  

 The tradeoff between optical transparency and SHG efficiency is an 

important issue while designing devices using NLO materials. Both the 

second order optical nonlinearity and optical transparency are affected by the 

nature of conjugated bonds, length of  - conjugation and strength of electron 

donor/ acceptor constituents. 

 Generally, a chiral organic molecule possessing large ground state 

dipole moment tends to crystallize into centrosymmetric space group 

restricting their use for second order nonlinear optics. Various chemical as 

well as physical strategies have been implemented to introduce non-

centrosymmetric crystal structures capable of displaying NLO activity. The 

various strategies employed for ensuring dipolar alignment favorable to 

generate NLO activity include 

 Chirality 

 Hydrogen bonding 

 Guest host systems 

 Electrical poling 

 Co -crystallization 

 Organometallic structures. 

 Organic materials exhibit excellent NLO properties because of their 

electronic structure with  conjugated systems between donors and acceptors 

(Patil et al. 2014; Prakash et al. 2013). This is due to non-centrosymmetry 

leading to huge NLO efficiency, exhibited by organic materials on the order 

of 10 to 100 times larger than that of inorganic NLO materials through 
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macroscopic second order NLO response (Bhuvana et al. 2007). These 

materials exhibit excellent properties such as optoelectric coefficients, large 

second-order NLO coefficients, small dielectric constants, molecular 

designing, faster optical responses, and ultrafast responses to external electric 

fields (Goel et al. 2013). Hence, organic materials are superior to their 

inorganic counterparts in terms of crystal preparation, device fabrication, and 

production of better devices with large nonlinearities, i.e., they have wide 

applications in areas such as information storage, optical communication, 

optical data storage, optoelectronics, laser technology, and 

telecommunications (Sudhahar  et al. 2013). Moreover, they can be in bulk 

and single form for NLO device fabrication.  Additionally, they are important 

for frequency modulation device applications, such as frequency conversion, 

integrated circuitry, optical switching, and terahertz wave generation with 

detection (Nair et al. 2014).  The slow evaporation technique is one of the 

simplest techniques for growing high quality organic single crystals 

(Shanmugam et al. 2013). Recently, Dinakaran had grown 4-Bromo 4-

nitrostilbene (BONS) single crystals that exhibited a NLO efficiency of 67 

times greater than the reference potassium dihydrogen phosphate crystal 

(Dinakaran & Kalainathan 2013).  Another organic host crystal L-

phenylalanine-4-nitrophenol (LPAPN) demonstrated a high NLO efficiency 

of 1.2 times that of potassium dihydrogen phosphate (Prakash et al. 2013). 

One of the newest organic NLO material is thiourea with quinine sulphate 

dihydrate (TQS) grown by the gel method by Lekshmi P. Nair. This exhibited 

1.4 times higher NLO behavior than the potassium dihydrogen phosphate 

reference crystal (Nair et al. 2014). Redrothu Hanumantharao had grown l-

therionine formate, which had an SHG efficiency of 1.21 times that of 

reference potassium dihydrogen phosphate (Hanumantharao & Kalainathan 

2012). Even though organic materials have many advantages, they exhibit 

some drawbacks, as they have a low laser damage threshold, low optical 

transparency, etc (Bhuvana et al. 2010) compared to inorganic materials.  
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 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. The advantages of organic NLO material are (Hanumantharao & 

Kalainathan 2012; Buvana et al. 2010; Sivakumar et al. 2014; Vetrivel et al. 

2013; Dhanabal & Amirthaganesan 2014), 

 They are generally cheap to synthesize 

 They can be purified by conventional techniques 

 High second order NLO efficiency 

 Moderately greater damage resistance to a laser beam 

 They are birefringent 

 Possible to chemically engineer molecular properties 

 Low dielectric constant provided the crystals arc pure. 

1.6.3  Semi-Organic Crystals 

  The inability of organic materials to grow to large crystal sizes 

impedes device fabrication, which has led to the discovery of a new class of 

crystals called semi organics to satisfy technological requirements (Sivakumar 

et al. 2014; Vetrivel et al. 2013). Due to the combination of organic and 

inorganic components, metal-organic compounds have attracted researchers in 

recent years due to their various properties such as NLO response, 

magnetism, and luminescence, as well as applications in photography and 

drug delivery (Murugan & Ramasamy 2011). Hence, these materials have 

shown large NLO behavior and also favorable properties such as high optical 

transparency over the entire visible region, a large laser damage threshold 
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value, low deliquescence, high resistance, and low angular sensitivity 

(Chithambaram & Krishnan 2014; Muthu et al. 2014).     

 In semi-organic materials, the organic ligand is ionically bonded 

with the inorganic host, which promotes exceptional mechanical strength and 

chemical stability (Sun et al. 2005). Because of this, semi-organic materials 

are promising ones for many applications such as frequency conversion, light 

amplitude and phase modulation and phase conjugation (Dhanabal & 

Amirthaganesan 2014). One significant example of semi organic hosts is 

alkali hydrogen phthalate single crystal, which is used in long-wave X-ray 

spectrometers.  Several semi organics are used as substrates for depositing 

thin films of organic NLO samples, and their centrosymmetric or non-

centrosymmetric forms depend on how the cations are arranged in the 

chemical bonding during crystal growth (Goel et al. 2013) and are thus 

suitable for the fabrication of optoelectronic devices (Adhikari & Kar 2013).  

Moreover, metal–organic complexes offer higher environmental stability 

combined with greater diversity of tunable electronic properties by virtue of 

the coordinated metal centre (Murugan & Ramasamy 2011). Furthermore, 

organic ligand combined with inorganic hosts thereby become semi organic 

crystals, which lead to more attractive applications such as SHG, THG, 

optical instability, laser remote sensing, optical disc data storage, laser driven 

fusion, medical and spectroscopic image processing, colour displays and 

optical communication (Srineevasan & Rajasekaran 2013).   

 Recently, Soma Adhikari has grown L-leucine hydrobromide (L-

LHBr) single crystals, which demonstrated peak NLO efficiency four times 

greater than that of reference potassium dihydrogen phosphate (Adhikari & 

Kar 2013). Another semi organic host crystal, bis (thiourea) silver (I) nitrate 

(TuAgN), exhibited a better NLO efficiency of 0.85 times that of potassium 

dihydrogen phosphate (Sivakumar et al. 2014). Another NLO material, 2-
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aminopyridine bis thiourea zinc sulphate, was grown by the slow evaporation 

method. This exhibited higher NLO efficiency than potassium dihydrogen 

phosphate (Srineevasan & Rajasekaran 2013). 

 Recently, researchers have shown interest on the growth of urea 

mixed organic and semi-organic crystals due to their high chemical stability, 

laser damage threshold and nonlinear optical properties. A series of organic 

and semi-organic crystals like urea L-therionine (Jaikumar & Kalainathan 

2008), urea D-tartaric acid and urea DL tartaric acid crystals (Meng et 

al.1998: Meng et al. 1996; Kumar et al. 2005). We know amino acids doped 

crystals have special features like wide transparency in UV as well as in 

visible region and have considerable SHG efficiency (Kumar et al. 2005). 

Due to their zwitterionic nature and the carbonyl and amino group present as 

a chromophore makes the crystals transparent in all UV and visible regions. 

1.7 EFFECT OF IRRADIATION ON CRYSTALS 

 Energetic ion beams play a vital role in the field of materials 

science research.  Effect of ion beam on the materials depends on the ion 

energy, fluence and ion species. In 1970's, ion implanters were fabricated for 

the purpose of shallow impurity doping into semiconductors. The ion 

implantation technique dominated conventional thermal diffusion methods in 

the semiconductor integrated chip processes. The main reason for the vast 

usage of high energy ions is due to its good controllability of doping levels 

and spatial distribution of impurity under controlled ion energy, current 

density and implantation period. This good controllability is very much 

favorable for the industrial processes. 

 Besides the technological merit, an attractive point for materials 

science is the non-equilibrium nature. For instance, 1 eV (electron volt) 

corresponds to 104 degrees (K) and 1 MeV is 1010 K. The comparison may not 
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directly be applicable to materials effects, since the energy stored is rapidly 

relaxed. However, the highly non-equilibrium states, which are never 

obtained under thermal equilibrium conditions, create unusual material 

processes and novel material properties. Non-equilibrium materials science 

has unlimited possibilities for the future. There are higher energy accelerators 

of energy more than GeV (109 eV) in the world, mostly for the purposes of 

nuclear/particle physics, but a meaningful energy range for materials science 

is from 1 keV to 10 MeV. Particularly, heavy ions which cause 

physical/chemical effects are technologically important and attractive (Harris 

& Vella 1993). 

 Depending upon the radiation behaviour, materials can be generally 

divided into two, first being sensitive to the energy deposited in their 

electronic system and the second being insensitive to the electronic part of the 

energy deposition. Organic solids come under the first type and metals can be 

fitted into the second type (Narasimha et al. 1998). During the ion passage 

through the material, energetic ions lose energy, which is quantitatively 

governed by the ion mass and its energy. Most of the primary excitation and 

ionization processes occur close to the ion trajectory in a cylindrical core 

region with a radius of a few nanometers. Some of the electrons gets ejected 

with higher kinetic energies and can cause further ionizations at some 

hundreds of nanometers from the primary ion path (Kramer 1995; Katz et al. 

1990). The incident ion loses its energy along its path in two ways, one by 

means of the inelastic collisions of the energetic ion with the atomic electrons 

of the material and other by elastic scattering from the nuclei of the atoms of 

the material. The latter process is responsible for displacing atoms of the 

medium from their lattice positions. At high energy, the changes due to 

electronic energy loss become predominant. Radiation effects due to 

electronic energy deposition by Swift Heavy Ions (SHI) in condensed matter 

are closely related to the consequent electron transport and secondary electron 
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cascade multiplication where the deposited energy is distributed along and 

around the ion track. After relaxation and thermalisation, the energy initially 

deposited in electronic excitation may result in creation of defects, nuclear 

tracks, damage and even modification of material properties (Angert et al. 

1996). During the passage through the material, energetic ions lose energy, 

which is quantitatively governed by the ion mass and its energy. Energy loss 

in the material can be either by elastic collisions or by in-elastic collisions.  

 Energetic ions in general are of use to materials science as given in 

figure 1.1 (Avasthi 2005) in different energy regions. They play crucial roles 

in the synthesis, modification and characterization of materials. 

 

Figure 1.1 Application of energetic ions in materials science 
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1.7.1  Electron Beam (EB) Irradiation 

 E-beam radiation is a form of ionizing energy that is generally 

characterized by its low penetration and high dosage rates. A concentrated 

beam of highly charged stream of electrons is generated by the acceleration 

and conversion of electricity. The electrons are generated by an equipment 

referred to as accelerators which are capable of producing beams that are 

either pulsed or continuous. As the product or material being sterilized passes 

beneath or in front of the electron beam, energy from the electrons is 

absorbed. This absorption of energy alters various chemical and biological 

bonds within the product or material. The energy that is absorbed is referred 

to as the “absorbed dose.” It is this absorption of energy or “dose delivery” 

that destroys the microorganisms by destroying their DNA chains and 

changes the physico chemical properties in the materials. E-beam radiation is 

similar to gamma processing in that, upon contact with the exposed product, 

electrons alter various chemical and molecular bonds, including the 

reproductive cells of microorganisms. 

 While commercial e-beam accelerators range in energies from 3 

MeV to 12 MeV and usually operate at a single energy, advances in 

technology have resulted in the development of select e-beam equipment 

capable of operating at varying energies. For the sterilization of healthcare 

products, for obtaining new class of materials with some changes, high energy 

electron beams are typically required to achieve penetration of the product 

and packaging. When evaluating e-beam irradiation for the purpose of 

sterilization, product density, size, orientation, and packaging must be 

considered. In general, e-beam irradiation performs best when used on low 

density, uniformly packaged products (Cleland et al. 1993). 

 High energy electron beam (EB) irradiation produces electronic 

excitation /ionization in solids which leads to many changes in their physico-
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chemical properties, also introduces defects in the crystal which affects the 

physical and chemical composition. It is known that when an electron beam 

passes through the matter, it causes damage depending on the energy and flux 

density of the incident electron beam (Betz et al. 1994; Reiter et al. 1997; 

Toulemonde et al. 1994; Townsend. 1999; Nakanishi et al. 1999) Disordering 

the crystal lattice and their composition by electron fluencies mainly tune 

electrical conductivity, second harmonic generation and optical properties 

depending upon the extent of the damage caused and the penetration depth of 

electrons (Oproiu  et al. 2000; Mishra et al. 2003; Bhat  

et al. 2003). 

 Organic and semi organic crystals of L-arginine phosphate (LAP) 

(Eimerl et al. 1989), L-histidine tetra fluoro borate (Marcy et al.1995),  

L-therionine (Rodriques et al. 2003), 4- amino-5-mercapto-3- [1-(4-

isobutylpheneyl)ethyl]-1, 2, 4-triazole (Rao et al. 2010), bis-thiourea 

cadmium thiourea (Ganesh  et al. 2012) and potassium dihydrogen phosphate 

(Boopathi et al. 2013) single crystals exhibit an increase of SHG efficiency 

with the increase of electron beam irradiation current. Also, in the case of 

BaTiO3 (Zhao et al. 2000) and 4-amino-5-mercapto 3-[1-(4-isobutylphenyl) 

ethyl] – 1, 2, 4 – triazole (Rao et al. 2010) single crystals, the introduction of 

stress in the material enhanced the nonlinear optical susceptibility.  

 The above information motivated us to study the effect of high 

energy electron beam irradiation on the physico-chemical properties of SFD 

single crystals. 

1.7.2 Other Irradiation Methods 

 The other types of radiation one typically encounters is one of four 

types: alpha radiation, beta radiation, gamma radiation, and X ray-radiation. 

Neutron radiation is also encountered in nuclear power plants and high 
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altitude flight and emitted from some industrial radioactive sources. 

Information on these irradiation methods are not included in the thesis, as 

they are beyond the scope of the present work. 

1.8  LITERATURE REVIEW ON METAL FORMATE 

CRYSTALS 

 Photonic and optoelectronic technology intensely depends on the 

development of new semi-organic NLO materials owing to their enhanced 

optical nonlinearity, excellent optical transmittance in the UV-visible region, 

thermal stability and chemical flexibility of ions. Specifically, crystals of 

formates of alkaline and alkaline earth exhibit remarkable NLO properties and 

are used for proficient frequency doubling of Nd for YAG laser and for the 

phase matched SHG for ruby laser. Besides, the best modals for hydration/ 

dehydration experiments are the metal formate dihydrates.  

 A thorough literature survey shows that research work on SFD 

crystal is very scanty. The research work reported in the earlier literature of 

strontium formate dihydrate are on spectroscopic analysis and few reports are 

available on metal ion doping and related characterization (Greena et al. 2013; 

2012). In addition, no investigation is available on the effect of doping SFD 

crystal with non-metallic small molecular compounds on the physico-

chemical properties.  

 Canning & Hughes (1973) have studied the thermal decomposition 

of alkaline earth formates. Experiments with single crystals, compacts and 

powders of strontium formate demonstrate that the method of sample 

presentation can affect the rate of decomposition. For anhydrous calcium, 

strontium and barium formates, isothermal kinetic runs show that the 

decompositions follow the Erofeev law, ln(l- ) = ktn; the measured activation 

energies were 199.4, 228 and 270 kJ/mol respectively.   
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 Mentzen & Comel (1974) have identified the existence of, in the 

temperature range 20–400°C, three polymorphic species , , and  of 

strontium formate, and four polymorphic species , , , and  of calcium 

formate by the means of X-ray diffraction. Crystal lattices of all these 

varieties were given, and the temperature ranges for their existence have been 

precisely stated. The importance of the role played by water vapor traces on 

some polymorphic transitions was pointed out. 

 Comel & Mentzen (1974) have established the existence of new 

polymorphic varieties of strontium formate ( , ) and calcium formate ( , ) 

by differential thermal analysis. In their analysis they have detected -

Sr(HCOO)2 below 235°C; -Sr(HCOO)2 above 235°C; -Ca(HCOO)2 

between 150 and 300°C; and -Ca(HCOO)2 beyond 300°C. It was shown that 

some of the corresponding polymorphic transitions for these formates are 

possible only in the presence of water traces. 

 Mentzen & Comel (1974) detected and confirmed the existence of 

the three new polymorphic species -Sr(HCOO)2, -Sr(HCOO)2 and -

Ca(HCOO)2 by infrared spectroscopy. All their absorption bands in the 

spectral range 4000–625 cm 1 were assigned to the normal vibrational modes 

of the formate ion. The absorption spectra of all the varieties investigated at 

room temperature showed residual water bands, which disappeared only at 

about 160°C. 

 Sathyanarayan et al. (1977) have studied the electron spin 

resonance and optical absorption studies of vanadyl ions in single crystals of 

strontium formate dihydrate. VO2+ was found to take up substitutional sites. 

The spin Hamiltonian parameters and molecular orbital coefficients indicate 

covalency in the complex. 
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 Norris et al. (1980) have studied the reactions which proceed by a 

contracting-interface mechanism, the intractability of the rate equation often 

leads researchers to assume a value for the “order”, n. The assumed value 

(usually either 0, ½, , or 1) which gives the best fit to the experimental data 

was then used to characterize the mechanism and to determine the rate 

constant, k. Since these assumed values of n correspond only to simple 

theoretical considerations of the geometric advance of the interface and not to 

any critical experimental observation, the validity of this approach was 

questionable. Using the non-linear least squares method of data analysis they 

have obtained the optimal values of both k and n. The report was on how 

these optimal values vary with the experimental conditions, e.g. sample mass, 

particle size, etc., for the dehydration reactions of strontium hydroxide 

octahydrate and of strontium formate dihydrate. The applicability of a 

contracting-interface mechanism to these reactions was supported by thermo 

analytical/kinetic studies, and microscopic examination. 

 Tewari et al. (1982) have reported two sets of bands corresponding 

to each of the wagging, twisting and rocking modes of water and the planar 3 

mode of the formate ion from  IR (at room and low temperatures) and Raman 

(at room temperature) spectra in the region 1000-400 cm 1 of powdered 

samples of dihydrate and anhydrous nickel formate. The observed bands were 

correlated with the known crystal structure. The 3 mode of the formate ion 

exhibited a strong anharmonic coupling with the nearby rocking mode of 

water.  

 Prieto et al. (1986) have studied the effect of the isotopic 

substitution (H2O-D2O) using Raman spectra of strontium formate dihydrate 

single crystals. The investigation was conducted to elucidate the structural 

role of lattice water molecules in molecular crystals. 
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 Ristova & Soptrajanov (1986) have recorded and analyzed the 

infrared spectra of strontium formate dihydrate and of isotopomers in which 

the formate and/or water protons were substituted with deuterons.  

 Martin et al. (1987) have studied the influence of the isotopic 

substitution on the thermal kinetics of strontium formate dihydrate crystals. 

The thermogram shows that strontium formate dihydrate degraded at elevated 

temperatures. 

 Rull et al. (1987) have studied the internal frequencies of water in 

strontium formate dihydrate single crystals. They have measured the polarized 

Raman scattering of strontium formate dihydrate single crystals in 

wavenumber range 1000-3700 cm-1. The spectral data in the region of water 

internal modes seen were not consistent with O-H crystallographic distances 

estimated from x-ray diffraction experiments. They have recalculated the 

positions of H-atoms using “bond valence” analysis. The water geometry thus 

obtained was used as the starting point for assigning the observed bands. 

 Polla et al. (1995) have determined crystal structure of anhydrous 

copper strontium formate (P2/c, Z =  4,  a = 7.3296(12) Å, b = 8.6402(9) Å,  

c = 6.6690(8) Å,  = 97.22(1)°) from conventional X-ray diffractometric data 

at room temperature. The presence of different stages in its thermal 

decomposition process was established by means of DSC, TGA, and X-ray 

diffraction. At temperatures up to 185°C, partial decomposition takes place, 

yielding CuO, Cu2O, and the  and -phases of anhydrous strontium formate. 

Between 185 and 270°C, decomposition of these phases occurs, and 

comparison with the thermal behavior of the pure phases reveals the influence 

of copper oxides in the decomposition process. 

 Electron spin resonance (ESR) of Cu2+ doped strontium formate 

dihydrate single crystals was studied at room temperature by Kripal & Misra 
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(2004). According to their studies, copper enters the lattice substitutionally 

and is trapped at two magnetically inequivalent sites. The ground state wave 

function of the Cu2+ ion in this lattice was also evaluated by them. 

 Nagaraj & Dharmaprakash (1996) have grown pure and NH4
+ 

doped strontium formate dihydrate single crystals by slow evaporation 

method. The grown crystals were characterized by IR, XRD, TG and 

refractive index measurements. The dielectric measurements showed that 

these crystals belong to the dielectric family. Refractive index showed that it 

is strongly anisotropic. 

 The research carried out by Greena et al. (2012) on the biocidal 

action of metal (Mg/Cu/Ni/Zn) doped strontium formate dihydrate crystal on 

bacterial and fungal strains showed the enhanced antibacterial activity against 

S. aureus and E. coli than other bacterial strains. It was found that the growth 

of C. albicans was well inhibited by the crystals compared to other fungal 

strains. This clearly indicates the effect of dopant concentration on the 

biocidal activity of strontium formate crystal and has concluded that the 

biocidal activity has increased upon the increment of dopant concentration. 

Mg doped crystals revealed good biocidal activity than other doped crystals 

due to its small ionic radius which enhanced its diffusion inside the microbial 

cells. 

 Shajan et al. (2013) have studied the thermal analysis on pure and 

doped strontium formate dihydrate crystals. It has been reported that the 

grown crystals were thermally unstable above 85 °C and decompose into 

strontium oxide through many stages. DTA curve showed that one 

endothermic and one exothermic peak for pure crystals. 

 Greena et al. (2012) have studied the structural, thermal and 

spectroscopic properties of studies on Zinc doped strontium formate dihydrate 
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crystals. It has been revealed that the vibrational modes are unaffected when 

doping. Three stages of decomposition were observed for the grown crystals 

in the temperature range ambient to 1000 °C in nitrogen atmosphere. 

 Greena et al. (2013) have studied the effect of magnesium doping 

on strontium formate dihydrate crystals grown by slow solvent evaporation 

method. The optimized growth parameters for growing these crystals were 

determined. The grown crystals have been characterized by EDAX, XRD, 

FTIR and thermal analysis. It has been shown that there was a reasonable 

agreement in the concentration of magnesium ions in the grown crystals with 

that actually taken for experiment. FTIR spectra indicate that the vibrational 

modes are unaffected in the doped crystals and there is no interaction between 

the formate ion and the dopant added. Three stages of decomposition were 

observed from thermal analysis. 

 The hydrogen bond studies and the crystals structure of ammonium 

formate crystal was reported by Nahringbauer (1968). They found that 

ammonium acetate and ammonium formate has a closer packing and the 

nitrogen atom in ammonium formate is surrounded by another four oxygen 

atoms besides those bonded by hydrogen bridges. Also, they found that the 

hydrogen bonds were somewhat shorter in ammonium acetate than in 

ammonium formate. 

 Su et al. (2009) had synthesized two new double formates, 

Na3M(HCOO)6 (M = Ga, In), by using quasi solvothermal method. They 

reported that both compounds were isostructural, crystallizing in 

orthorhombic space group Pccn, with lattice parameters a = 14.6279(5) Å, 

b = 6.2607(1) Å, and c = 13.5132(4) Å for Na3Ga(HCOO)6 and 

a = 14.6054(5) Å, b = 6.4160(1) Å, and c = 13.9444(3) Å for Na3In(HCOO)6. 

The structure had a three dimensional framework consisting of MO6 and 

NaO6 octahedra which were connected in edge and corner sharing modes. 
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Regarding to the linkage of octahedra, the framework could be considered as 

a diamond net. The formates in the structure bridge the metal octahedra in an 

unusual 4.22 connection mode. IR spectroscopy and elemental analysis 

support the structure characterization. Thermal decomposition process was 

also been studied by TG and X-ray diffraction.  

 Feliksi ski et al. (1983) have made an analysis of the powder 

pattern of BaCd(HCO2)4·2H2O which has showed that the structure belongs to 

space group P21 with       a = 11.907Å, b = 13.204 Å  and c = 13.823 Å and  

 = 31.188(9)° and four molecules per unit cell. The infrared spectrum of 

polycrystalline barium-cadmium formate has been measured in the region 

650–4600 cm 1. The influence of metal ion on carboxylate stretching 

frequencies of formate ion was investigated and the possible correlations 

between spectra and structure were reported.  

 A relationship between the distribution coefficient values and the 

factors determining the isomorphous substitution of some metal (II) formates 

(Mg, Mn, Fe, Co, Ni, Cu, Zn, Cd) has been found by Balarew et al. (1985) 

and was given by 

 2/1 1.0 2.0

.  /   . .
    /  

 
a f R R b c s

D M M exp
RT

     (1.1) 

where R/R is the relative difference in the ionic radii of the inter substituting 

ions,  is the difference in the Me  O bond energy, s is the difference in the 

crystal field stabilization energy. The pre-exponential term represents the 

balance in bonding factors between the ions in the crystal and in the aqueous 

solution, in the case of ideally mixing in the solid state. The exponential term 

takes into account the enthalpy of mixing in the solid state. For the 

isostructural formate salts in which the substitution of a given cation by 

another one occurs in equivalent octahedral positions, the difference in the 
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crystal field stabilization energy exerts the most important influence on the 

enthalpy of mixing. 

 Infrared (IR) (450–4500 cm 1) spectroscopy, electron paramagnetic 

resonance (EPR) and optical absorption studies of anhydrous copper (II) 

formate single crystal were done at 300 K by Narsimlu & Sastry (1996). The 

IR spectrum of Cu(COOH)2 single crystal showed four strong absorption 

bands at 3199, 1569, 1363 and 833 cm 1 which were attributed to the 

stretching and bending vibrations between the formate ion atoms. Analysis of 

EPR spectra using crystal field theory revealed that the Jahn-Teller active 

copper (II) ion is present in a tetragonally elongated square pyramidal site. 

The optical absorption in the UV and visible region was characterized by a 

charge transfer band, and a cubic field splitting of 3d energy level of Cu2+ ion. 

In addition, in the near infrared region eight absorption peaks are recorded. 

These transitions in the near infrared were assigned variously to the d-d 

transitions of copper (II) ion between the admixtured quantized energy levels 

of copper and oxygen orbitals, to the transitions arising out of the Hubbard 

energy gap of the crystal, and to the Fermi energy gap of the crystal, 

respectively. Finally the weak absorptions that were recorded were attributed 

to the linear combinations of the IR bands.   

 The infrared spectra of Ba2Cu(HCOO)6·4H2O and its deuterated 

analogues have been recorded by Stoilova & Koleva (1997) and the internal 

modes of the formate groups and water molecules were reported by them. 

Some of the internal formate modes (v4, v3 and v2) reflect the existence of 

three crystallographically independent formate ions. The frequency separation 

between the asymmetric and symmetric C---O stretching modes was 

explained in terms of different C---O bond lengths within each formate group. 

The number and positions of the bands in the high frequency region (4000-
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2300 cm 1) was evidence for the existence of two equivalent water molecules. 

The vibrational modes of the water molecules were also discussed.  

 Violeta & Vassileva (1997) has studied the solubility of 

Cd(HCOO)2-Sr(HCOO)2-H2O system by the method of physico-chemical 

analysis at 25 and 50°C. It has been established that only simple salts 

crystallize in the system at 25°C. A congruent double salt with composition 

CdSr(HCOO)4.H2O is formed in the system at 50°C. The thermal dehydration 

and decomposition of the new compound have been investigated by TG, DTA 

and DSC. The enthalpy of dehydration of CdSr(HCOO)4.H2O has been 

determined. 

 According to the report by Yoshio et al. (2000) the thermal phase 

transitions of HCO2Cs and HCO2Rb were found to be reversible first-order 

transitions. Through the transitions, the orthorhombic phase (Pbcm) of 

HCO2Cs transformed to the cubic phase (P3m3) and the orthorhombic phase 

(Pca21) of HCO2Rb transformed to the monoclinic phase (P21/m). From the 

viewpoint of the orientation of formate ion, the thermal phase transitions of 

HCO2Rb and HCO2Cs could be classified as order–order and order–disorder 

transitions, respectively. The Htr and Str values for the transition of 

HCO2Cs were larger than those of HCO2Rb, which was predictable from the 

difference of the orientational changes of formate ions in both the transitions. 

When compared with the space around the formate ion for the phase after 

transitions of both the formates, the space for HCO2Cs is larger than that for 

HCO2Rb, and the formate ion of HCO2Cs could move more easily than that of 

HCO2Rb. This finding appears to reflect the difference of ionic radii of Rb+ 

and Cs+ ions.  

 Stoilova & Koleva (2001) have recorded the infrared (IR) spectra 

of Co(HCOO)2·2H2O, Ni(HCOO)2·2H2O and CuxCo(Ni) x(HCOO)2·2H2O 

mixed crystals (0<x 0.5) and have discussed the internal modes of the 
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formate groups and the water molecules. The analysis of the spectra of the 

mixed crystals revealed that when copper ions replace cobalt and nickel ions 

in Co(HCOO)·2H2O and Ni(HCOO)2·2H2O, the Cu2+ ions are localized at the 

two available positions. However, the occupancy degree of the Me(1) and 

Me(2) sites by the different cations needs X-ray diffraction (XRD) studies of 

the single crystals. The new crystal phase Co0.17Cu0.83(HCOO)2·2H2O 

obtained from the Co(HCOO)2·2H2O–Cu(HCOO)2·2H2O–H2O system at 

50°C crystallizes in the monoclinic system with lattice parameters: 

a=12.329(4); b=7.241(2); c=8.707(5) Å and =103.13(3)° (SG probably 

P21/c). The number of the bands corresponding to the uncoupled OD 

vibrations and the water librations show that probably more than two water 

molecules are expected to exist in the structure. Furthermore, it is assumed 

that the water molecules bonded to the copper ions and form stronger 

hydrogen bonds (stronger Cu---OH2 interaction) than those bonded to the 

cobalt ions 

 Goeta et al. (2004) have shown that CuSr(HCOO)4(H2O)2 formed a 

3D polymeric structure, which basic structural units are SrO9 polyhedra in the 

form of mono capped square antiprisms and distorted CuO6 octahedra. The 

former groups organize as strips running parallel to the unique b axis, while 

interconnected by the latter into a strongly linked 3D covalent network. The 

infrared spectra of the sample confirmed the existence of four nonequivalent 

formate groups with large deviations from C2v molecular symmetry.  

 Baggio et al. (2004) have thoroughly discussed the crystal 

structures of four members in the isomorphous series, Ba2M(HCOO)6(H2O)4 

(M=Co, Ni, Cu, Zn). The strengths of the hydrogen bonds deduced from the 

infrared wave numbers of the uncoupled OD stretches of matrix isolated HDO 

molecules were discussed in terms of the Ow O hydrogen bond lengths, the 

different hydrogen bond acceptor capabilities of the formate oxygen atoms 
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and the weak Ba–OH2 interactions. The proton acceptor strength of the 

oxygen atoms was evaluated within the framework of the Brown's bond 

valence theory. The intramolecular OH bond lengths are derived from the 

novel OD vs rOH correlation curve.  

 Stoilova (2006) has discussed the hydrogen bond strengths of 

isomorphous formate compounds. The OD stretching modes caused by the 

Cu2+ and M2+ guest ions were shifted at higher frequencies as compared to 

those in the host and the parent compounds, respectively. The values of these 

shifts ( ) for the M OH2 OCHO Cu hydrogen bond systems formed 

when Cu2+ guest ions were included in the structures of M(HCOO)2·2H2O are 

considerably larger (i.e., weaker hydrogen bonds) as compared to those of the 

same type formed when M2+ guest ions are included in the structure of 

Cu(HCOO)2·2H2O. A variant of double matrix infrared spectroscopy 

(M(HCOO)2·2H2O, M = Mg, Co, and Ni) with incorporated Cu2+ ions up to 

50 mol% additionally to matrix-isolated HDO molecules was proposed in 

order to deduce the cation distribution in mixed formates. The analysis of the 

infrared spectra reveals that the included Cu2+ ions are localized at the two 

available lattice positions in the M(HCOO)2·2H2O (M = Co and Ni) host 

lattices and preferentially at the M(1) sites (sites with a coordination through 

six formate oxygen atom) in the Mg(HCOO)2·2H2O host lattice.  

 Stoilova et al. (2007) have investigated the isomorphic title series 

using single crystal X-ray diffraction and double matrix infrared 

spectroscopic techniques. The metal ion distribution at the two different metal 

sites (hexa formate coordinated Me1 sites and mixed-coordinated Me2 sites) 

was found to exhibit a slight preference of Mn2+ ions to Me1 sites and Mg2+ 

ions to Me2 ones. The spectral regions at 2400–2500 cm 1 and 1300–

1400 cm 1, corresponding to OD of matrix-isolated HDO molecules and to 

symmetric COO stretching ( 2) and bending CH ( 5) modes, respectively, 
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were mostly sensitive to the environment of the metal ion. When Mg2+ and 

Mn2+ were included in the structures of isotopically dilute Mn(HCOO)2·2H2O 

and Mg(HCOO)2·2H2O new infrared bands appear, corresponding to OD of 

HDO molecules linked to the incorporated ions, and implying that new 

Mg OH2···OCHO Mn and Mn OH2···OCHO Mg interactions build up in 

the mixed formates. These bands appear at small concentrations of included 

metal ions (about 13 mol% of magnesium ions and 8 mol% of manganese 

ions, x = 0.13 and x = 0.92, respectively). The 2 and 5 modes caused by the 

incorporated cations bonded to formate ions were detected at x = 0.92 and 

x = 0.23 (Mn2+ ions in Mg(HCOO)2·2H2O and Mg2+ ions in 

Mn(HCOO)2·2H2O, respectively). Thus, the analysis of the infrared spectra 

(positions and intensities of the infrared bands) confirmed the single crystal 

X-ray measurements that the metal ions are localized at the two metal 

positions. A slight preference of the Mg2+ ions to Me2 sites was owing to the 

stronger affinity of these ions to water molecules.  

 Hamano et al. (1978) reported that the dielectric anisotropy and 

dimer theory of copper formate tetrahydrate. They have found that the 

structural similarity of the hydrogen bond network along a and b axes, and the 

dielectric constant of copper formate tetrahydrate was highly anisotropy along 

the two axes. The value of /k = 325 K was consistent with the requirement 

that /k must be greater than a certain positive value (about 40 K) in order for 

the crystal to be anti-ferroelectric below the transition point. Thus it is 

understood that the strong anisotropy in the dielectric constant is intimately 

connected with the occurrence of anti ferro electricity in copper formate 

tetrahydrate (CFFTH). 

 Reddy & Lingam (1983) have examined the CO2
- radical in  – 

irradiated single crystal of calcium formate. The CO2
- radical in calcium 

formate was associated with one of the two formates sites i.e., C, O, O2
-. The 
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arguments were mainly based on the relaxation between the crystal structure 

and the principal tensors. Further supporting evidence was provided by the 

qualitative analysis of the observed splitting. In view of the fact that the 

radical was formed by the removal of the parent proton from COOH and the 

geometry of the radical did not possed ideal C2V symmetry. 

 Lakshman & Devi (1985) have studied the optical absorption 

spectra of Cr3+ ions in calcium formate single crystals with two different 

dopants at room and liquid nitrogen temperatures. The observed spectra have 

been attributed to Cr3+ ions in octahedral environment with tetragonal 

distortion. 

 The crystal structure of sodium formate NaHCO2 was studied by 

Zachariasen (1940). This investigation was undertaken primarily to obtain the 

accurate values for the structure of the formate group. Crystals of sodium 

formate are monoclinic with four molecules of sodium formate per unit cell. 

Sodium, hydrogen and carbon atoms are on two fold rotation axes and the 

oxygen atoms in general positions. There was a complete resonance between 

the two C – O bonds of the formate group. The C – O distance was 1.27 Å 

and the bond angle was 124° and the sodium has six oxygen neighbors at an 

average distance of 2.44 Å. 

 Marikila et al. (1975) studied the structural analysis of sodium 

formate. It has been revealed that the formate anion lies on a twofold axis and 

has C2V symmetry, C-O = 1.246, C-H = 0.99 (2) Å, O-C-O = 126.3(2) °, O-C-

H = 116.9 (1). The Na ion has six O neighbors from five different formate 

ions. Na-O = 2.401, 2.434 and 2.519 (1) Å. The electron distribution indicated 

the O, H and Na have larger charge when compared to carbon. These 

structural features were in accord with the physical properties of sodium 

formate. Moreover, they reported that sodium formate decomposed into 

sodium oxalate and hydrogen on gentle heating. 
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 Maurya et al. (1995) have carried out electron paramagnetic 

resonance and superposition model analyses of Mn2+ ion doped in a sodium 

formate single crystal at room temperature. Two types of Mn2+ complexes 

were obtained. These complexes were magnetically equivalent but oriented 

differently. One Mn2+ ion replaces one Na+ ion and ejects one neighboring 

Na+ ion for charge compensation. The Z-axis of each complex was directed 

along the Na+---Na+ (vacancy) direction and the X and Y components along 

Na+-oxygen directions. By replacement of Na+ by Mn2+, much local 

rearrangement takes place. The superposition model analysis supported these 

relaxation effects.  

 Feliksi ski et al. (1982) have reported the growth and some 

properties of sodium – cadmium formate single crystals grown by slow 

cooling method. The grown crystals were good quality and large size and it 

crystallized in orthorhombic system with lattice constants     a = 6.391 (3) Å, 

b = 7.264 (3) Å, c = 14.112 (6) Å. There were four molecules in the unit cell 

and the experiment density is 2.74 Pg/cm3. The authors found that the four 

formate ions were coupled to Na cations and eight formate ions coupled to Cd 

cations were situated at two sets of equivalent sites and give rise to two sets of 

bands in IR spectrum. All the bands were IR active. 

 Tajima et al. (1981) have studied the polarized IR reflection spectra 

from the (010) and the (001) planes and polarized Raman spectra for the 

incident light propagating along a, b and c axes of single crystals of sodium 

formate crystal. The transverse optical (TO) and the longitudinal optical (LO) 

frequencies were determined for a number of the IR active intra-ionic and 

lattice modes. In both the IR and the Raman spectra, the frequency of the CH- 

plane deformation mode v2. The TO-LO splitings of the intra-ionic modes 

were found to be correlated closely with the corresponding gerade -ungerade 

splitings and the IR absorption intensities. 
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 Amuthambigai et al. (2016) have reported the growth, optical, 

thermal, mechanical and electrical properties of anhydrous sodium formate 

single crystals grown by solvent evaporation method at 40 °C. Structural 

studies revealed that sodium formate crystallized in monoclinic system with 

the centrosymmetric space group C2/C. the grown crystal showed 54 % 

transmittance and third order optical nonlinearity. Sodium formate crystal was 

thermally stable upto 318 °C and the crystal belongs to soft material category. 

DC and AC electrical measurements indicated that the electrical conductivity 

was due to proton transport with high r value. 

 The relative band intensities in the polarized Raman spectra of a 

sodium formate single crystal have been reported by Noma & Machida 

(1990). Electro-optical parameters (EOPs) of formate anion were calculated 

based on the oriented gas model. All the equilibrium EOPs and the valance 

EOPs of the C-H bond were assumed to be cylindrical and the band intensities 

of polycrystalline sodium formate were compared with those of its deuterated 

derivative. The valance EOPs associated with the CO2- symmetric stretching 

and the bending mode showed one order difference between the in- and the 

out–of - plane components. 

 Shah et al. (2012) have studied the role of sodium formate in the in 

situ synthesis of zeolitic imidazolate framework (ZIF-8) membranes. Zeolitic 

imidazolate frameworks (ZIFs) are a sub class of metal – organic frameworks 

(MOFs), having remarkable thermal and chemical stability, tunable 

microporous channels and tailorable physical/chemical properties. When 

synthesized as films, the hold great potentials for gas sensing, catalytic 

membrane reactor and gas separation membrane applications. In this in situ 

method, sodium formate plays a critical role for formation of well-intergrown 

continuous ZIF-8 membranes. Sodium formate was found to enhance the 

heterogeneous nucleation of ZIF-8 crystals. It was confirmed that sodium 
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formate reacts with zinc source to form zinc oxide layers on -alumina 

supports, which in turn promotes heterogeneous nucleation. ZIF-8 membranes 

show molecular sieving behavior, favoring smaller molecules. 

  Koksal et al. (1999) have done investigations on gamma 

irradiated NH4(HCOO) single crystal and Cs(HCOO) powders at room 

temperature. The species, produced by gamma irradiation was found to be 

CO2-, in NH4(HCOO). The principal values of g and the hyperfine coupling 

tensors of the unpaired electron with the 13C nucleus were obtained. In 

Cs(HCOO) powders, the species was attributed to the CO3- radical, and a 

super hyperfine interaction with the 55Cs nucleus of nuclear spin I = 7/2 has 

been observed. This has been explained by the interaction of the unpaired 

electron with a nearby 55Cs nucleus. The super hyperfine constant was found 

to be 1 mT. 

 Raj et al. (2008) have successfully grown bulk single crystals of  

L-alanine formate of 10 mm diameter and 50 mm length by modified 

Sankaranarayanan Ramasamy (SR) uniaxial crystal growth method within a 

period of ten days. The optical properties of the grown crystal were calculated 

form UV transmission spectral analysis. The SHG efficiency of the grown 

crystal was confirmed by Kurtz powder test. Dielectric studies revealed that 

both dielectric constant and dielectric loss decreases with increases in 

frequency. Photoconductivity study had confirmed the negative photo 

conducting nature of the crystal. 

 Raj & Das  (2007) studied the growth and characterization of 

nonlinear optical active L-therionine formate crystal by modified 

Sankaranarayanan - Ramasamy (SR) method. The grown crystal was 

subjected to single-crystal X-ray analysis, which confirmed that the crystal 

belongs to orthorhombic structure with space group P212121. The presence of 

formate functional groups in L-AlFo and the protonation of ions were 
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confirmed by Fourier transform infrared transmission (FTIR) analysis. The 

nonlinear optical (NLO) property of the grown crystal was confirmed by 

Kurtz powder test. The DRS UV–Vis spectrum of the crystal shows that the 

crystal has UV cut off at 205 nm.TGA/DTA studies revealed that the crystal 

was thermally stable up to 234°C. 

 Hanumantharao & Kalainathan (2012) have successfully grown 

single crystals of bisthioureazinc formate by low temperature solution growth 

technique. The nucleation parameters such as solubility, induction period, 

interfacial energy and meta stable zone width, radius of critical nucleus, 

critical free energy barrier, number of molecules in the critical nucleus and 

energy per unit volume have been evaluated and reported. 

 An efficient, novel, organic nonlinear optical (NLO) crystal L-

therionine formate (LTF), with 15 mm x 9 mm x 3 mm was grown by slow 

solvent evaporation technique at ambient temperature by Hanumantharao & 

Kalainathan. (2012). They have optimized the growth parameters like 

solubility, and meta stable zone width of LTF crystals. The crystals were 

structurally characterized by single crystals X-ray diffraction studies. They 

have studied the dielectric behavior of LTF crystals for various frequencies 

and applied field. Second harmonic studies show that these crystals exhibit 

NLO properties. 

 L-Therionine formate, an organic NLO crystal, was synthesized 

from aqueous solution by slow evaporation technique by Hanumantharao & 

Kalainathan. (2012). The grown crystal surface has been analyzed by 

scanning electron microscopy (SEM), chemical etching and atomic force 

microscopy (AFM). SEM analysis revealed the pyramidal shaped minute 

crystallites on the growth surface. The etching study indicated the occurrence 

of etch pit patterns like striations and step like pattern. The Vickers and 

Knoop microhardness studies have been carried out on LTF crystals over a 
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range of 10 – 50 g. Hardness anisotropy has been observed in accordance with 

the orientation of the crystal. AFM image showed major hillock on growth 

surface. The SHG efficiency has been tested by the Kurtz powder technique 

using Nd:YAG laser and found to be about 1.21 times in comparison with 

standard potassium dihydrogen phosphate crystals.  

 John et al. (2012) have reported the vibrational and electronic 

spectra of the crystallized nonlinear optical molecule L-alaninium formate. 

The equilibrium geometry, vibrational wavenumber and the first order 

hyperpolarizability of the crystal have been calculated with the help of density 

functional theory computations. The N-H….O bond distance shows the 

presence of intramolecular hydrogen bonding and the result was confirmed by 

the natural bond orbital analysis. The HOMO-LUMO energy gap and the first 

order hyperpolarizability were calculated and it supports the optical nonlinear 

optical activity of the L-alaninium formate crystals. 

 Ma ecka & cz (2008) have studied the thermal decomposition of 

cadmium formate, Cd(HCOO)2, in dynamic helium and air atmosphere by 

means of simultaneous TGA, DTA and MS analysis. It was found that the 

cadmium formate decomposes at about 210 °C to metallic cadmium and 

cadmium carbonate which next decomposes with formation of cadmium 

oxide. In helium atmosphere cadmium melts, evaporates and the reaction 

residue consists of CdO and a small amount of elementary carbon formed in 

result of pyrolysis of formate groups. In air cadmium oxidizes and the final 

solid product of decomposition is CdO. The gaseous products of cadmium 

formate decomposition were: carbon dioxide, water, carbon monoxide, 

formaldehyde, methyl alcohol and methyl formate.  

 Kumar et al. (2008) have reported the growth of bis(thiourea) 

cadmium formate (BTCF) single crystals by slow evaporation technique. The 



45 

 

grown crystals were characterized by powder XRD technique. Surface 

morphology of BTCF was studied by scanning electron microscopy (SEM). 

The UV-Vis spectrum confirmed the cut-off wavelength of the sample around 

290 nm with a wide optical transmission window (290–2000 nm). The laser 

damage threshold of BTCF was found to be higher than that of potassium 

dihydrogen phosphate. The thermal studies by TGA and DTA techniques 

confirmed the decomposition of the sample around 190 °C. The dc 

conductivity study showed that the conductivity of BTCF increases with 

temperature.  

 Beumer & Harkema (1973) reported the crystal structure of lithium 

formate monohydrate. It was inferred that the lithium ion is tetrahedrally 

coordinated with 3 formate oxygens and one water oxygen. The angles vary 

between 104 and 112° and the Li-O bond length varies between 1.923 and 

1.974 Å. Moreover, the water molecules form infinite zigzag chains parallel 

to the C axis with hydrogen bonds of 2.897 Å while the other water hydrogen 

atom forms a link with the formate ion. From the crystal structure analysis of 

lithium formate they found that the effect of the hydrogen bond compensates 

for the loss of Li coordination, so both bonds should be approximately equal. 

 The studies on semiorganic non linear optical single crystal, lithium 

formate monohydrate (LFMH) were reported by Daniel & Ramasamy (2014). 

It has been found that the LFMH single crystals were grown by slow solvent 

evaporation method and characterized structurally, thermally, optically and 

mechanically by PXRD, UV, FTIR, TG/DTA, Vickers microhardness and 

SHG efficiency. Based on those observations they found that LFMH crystals 

can be a promising nonlinear material, which possibly can be used for 

fabrication of NLO devices. 
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 Robin et al. (2014) have carried out structural, thermal, impedance, 

FTIR and EDAX studies of lithium formate monohydrate crystals grown by 

solution method. The crystal structure of lithium formate monohydrate 

crystals was found to be orthorhombic. The presence of functional groups, 

elements and the water molecules were ascertained by FTIR, EDAX and 

TG/DTA. From the impedance studies they have found relaxation frequency, 

bulk resistance and grain boundary resistance. 

 Studies on the morphology of lithium formate monohydrate crystal 

by the periodic bond chain theory were reported by Yan et al. (2005). The 

morphology of LFM crystal was qualitatively studied by PBC’s analysis and 

compared with observed growth morphology. The experimental morphology 

and theoretical morphology of LFM were not in good agreement with each 

other and the deviations from the predicted morphology were attributed to the 

external environment of crystal growth. 

 Jordan et al. (1990) have studied the Raman line width and 

integrated intensities of some external modes and of the internal A1 mode of 

lithium formate monohydrate in the temperature range 10 – 300 K. This 

material was an efficient nonlinear crystal with interesting electro optic 

properties and technical applications. The spontaneous Raman data were 

analyzed and interpreted in terms of phonon relaxation by three phonon down 

and up process. The data were also used for the explanation of the 

temperature dependence of the threshold intensity for simulated Raman 

scattering.  

 Waldeland et al. (2011) have worked on the EPR dosimeter crystals 

lithium formate and l- -alanine by irradiating them to doses from 100 Gy to 

100kGy. The irradiations were mainly performed at gamma cell irradiator 



47 

 

with a dose rate of approximately 5.5 kGy h-1. Both the peak to peak 

amplitude of the first derivative EPR spectrum and the area under the EPR 

absorption spectrum were extracted and the resulting dose dependence of 

these EPR signal intensity parameters was analyzed. The dependence of the 

peak – to – peak width of the central resonance in the first derivative EPR 

spectrum on the dose was also elucidated. In, addition, the dependence on 

dose rate and irradiation temperature for the two materials were measured. 

Dosimeters were given doses from 100 Gy to 10 kGy at two different Gamma 

cells with dose rates of 5.5 kGy h-1 and 0.6 kGy h-1, respectively and the 

results were compared.  

 Malinen et al. (2004) mixed lithium formate and calcium formate 

and used the composite dosimeter for estimation of x-ray beam qualities. In 

that work, the different interaction properties and EPR properties of lithium 

formate and calcium formate were used to determine the effective energy of 

x-ray beam qualities used.  

 Lund et al. (2004) explored the possibility to use 6Li enriched 

lithium formate for dosimetry in mixed radiation fields of photons and 

neutrons. They found that 6Li formate was approximately twice as sensitive 

as 7Li formate at the same spectrometer settings and x-ray dose. In a mixed 

photon/neutron field, the 6Li enriched samples gave 2.5 times as high signal 

as regular lithium formate, but a tendency of non-linearity of the dose 

response was also noted. The increased sensitivity for neutrons was explained 

by the high capture cross-section of 6Li (n, )3 H reactions as compared to that 

for 7Li.  

 Komaguchi et al. (2007) also used 6Li enriched lithium formate and 

exchanged the water of crystallization with D20, to increase the sensitivity of 
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lithium formate. The impact of heavy water seemed to be negligible, while the 
6Li enrichment resulted in an EPR line width of 0.92 mT, which is 

significantly less than that of regular lithium formate (~1.5 mT). Dosimeters 

made of 6 Li enriched lithium formate were demonstrated to be around 8 

times as sensitive as alanine, with a linear dose response from around 0.1 Gy 

 Another approach to further increase the sensitivity of lithium 

formate was proposed by Danilczuk et al. (2007). They doped lithium formate 

with NiCl2 and demonstrated by this an approximate doubling of the 

dosimeter response. However, the modifications influence the water 

equivalence of the dosimeter, and necessitate further investigations before 

being applied in clinical dosimetry. 

 Antonovic et al. (2009) used lithium formate EPR dosimetry to 

perform dose measurements around 192Ir brachytherapy sources. Cylindrical 

pellets with diameter 4.5 mm and height 4.8 mm were employed and the 

irradiations were performed using both high dose rate (HDR) and pulsed dose 

rate (PDR) brachytherapy. Experimentally determined doses were within 

±2.9% of treatment planning dose calculations. 

1.9  OBJECTIVES OF THE RESEARCH WORK 

    The main objectives of the present research work are: 

i. To grow single crystals of pure and doped (glycine and urea) 

strontium formate dihydrate crystals using solution evaporation 

technique. 

ii. To study the effect of doping on the structural, optical, 

mechanical and electrical properties of the SFD crystal. 
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iii. To irradiate the grown pure and glycine doped SFD crystals 

using electron beam irradiation at different doses. 

iv. To study the effect of electron beam irradiation on the physico-

chemical properties of SFD crystals. 

v. To examine the second harmonic generation efficiency of the 

crystals before and after irradiation. 

1.10  SCOPE OF THE PRESENT STUDY 

 Formate crystals are of considerable interest, particularly for the 

basic studies of some of their interesting physical properties. Metal formate 

crystals of groups I and II of the periodic table exhibit remarkable nonlinear 

optical (NLO) properties comparable to that of the best nonlinear materials 

used for efficient frequency doubling of a YAG:Nd  and for the phase 

matched SHG for ruby laser.  Strontium formate dihydrate crystal is found to 

be orthorhombic with space group P212121 with the following crystal data. 

 

 Molecular formula   : Sr (HCOO) 2.2H2O 

 Molecular weight     : 177.6 

 Lattice parameters   : a = 7.332(1) Å    

      b = 12.040(1) Å 

      c = 7.144(1) Å    

 The present investigation is aimed at the growth and 

characterization of single crystals of pure and doped strontium formate 

dihydrate single crystals grown by slow solvent evaporation method. The 

grown crystals are characterized chemically, structurally, thermally, optically, 
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mechanically and electrically. The grown crystals (pure and doped strontium 

formate dihydrate single crystals) are irradiated by 8 MeV electron beam 

irradiation. The effect of electron beam irradiation on the physico-chemical 

properties is investigated. The results obtained in our present study are 

reported in detail in the thesis. 

Organization of the thesis: 

 Chapter 1 gives a brief introduction about crystal growth and the 

development of semi-organic crystals for NLO applications. Various crystal 

growth techniques and importance of growing single crystals are also 

discussed. The crystals for non linear optical application including organic, 

inorganic and semiorganic compounds reported by various researchers are 

reviewed. The literature review of the significant results available on metal 

formate crystals are discussed. Moreover, the use of electron beam irradiation 

for the enhancement of SHG efficiency of crystals has been explained. The 

scope of the present work is also presented therein.  

 Chapter 2 gives an account on growth and characterization 

methods employed for the grown crystals. It also deals briefly on the various 

analytical instrumentation techniques which are very important in 

understanding the properties of the crystal. The growth procedures and 

characterization techniques used to characterize the grown crystals have been 

explained in detail.  

 In Chapter 3 the effect of doping and electron beam irradiation on 

the pure and glycine doped SFD crystals are reported.  The results obtained 

are discussed in detail.  

 Chapter 4 presents the effect of urea doping on SFD crystals. The 

elemental, structural, thermal, optical, mechanical and electrical properties of 
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the urea doped (for three different concentrations) SFD crystals have been 

discussed in detail.   

 Chapters 5 summarizes the results of the present work and provide 

avenues for possible future work on these crystals. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

 This chapter provides information about the materials and methods 

used for the growth of strontium formate dihydrate crystals. Also, it gives the 

information about the techniques used to evaluate the properties of the grown 

crystals. 

2.1 CHEMICALS USED IN THE PRESENT STUDY 

 All the chemicals, viz., strontium carbonate (SrCO3), formic acid 

(HCOOH), glycine (NH3CH2COOH) and urea (CO NH2)2) used are analytical 

reagent (AR) grade. Millipore distilled water with resistivity 18.2 x 106  cm 

was used as the solvent. 

2.1.1 Properties of the Chemicals Used 

 Strontium carbonate  

Name :  Strontium carbonate 

Other names :  Strontianite, Carbonic acid, etc 

Chemical formula :  SrCO3 or CO3Sr 

Appearance :  White powder  

Molar mass :  147.6289 g/mol 

Melting point :  1,494 °C (2,721 °F; 1,767 K) (decomposes) 

Density :  3.74 g/cm3 
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Solubility in water :  0.0011 g/100 mL (18 °C) and 0.065 g/100 

mL (100 °C) 

 Glycine  

Name :  Glycine 

Other names :  Aminoethanoic acid, Aminoacetic acid 

Chemical formula :  C2H5NO2 

Appearance :  White solid  

Molar mass :  75.07 g/mol 

Melting point :  233 °C (451 °F; 506 K) (decomposition) 

Density :  1.6 g/cm3 

Solubility in water :  24.99 g/100 mL (25 °C) 

 

Figure 2.1 Molecular structure of glycine molecule 
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 Urea 

Name :  Urea 

Other names :  Carbamide, Carbonyl diamide, etc    

Chemical formula :  CH4N2O 

Appearance :  White solid 

Molar mass :  60.06 g/mol 

Melting point :  133 to 135 °C  

Density :  1.32 g/cm3 

Solubility in water :  1079 g/L (20 °C) and 1670 g/L (40 °C) 

 

Figure 2.2 Molecular structure of urea molecule 

 Formic acid 

Name :  Formic acid 

Other names :  Methanoic acid, Formylic acid, Aminic 

acid, etc 

Chemical formula :  HCOOH or CH2O2 
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Appearance :  Colorless fuming liquid  

Molar mass :  46.02538 g/mol 1 

Melting point :  8.4 °C (47.1 °F; 281.5 K) 

Boiling point :  100.8 °C (213.4 °F; 373.9 K) 

Density :  1.22 g/mL 

Solubility in water :  Miscible 

 

Figure 2.3 Molecular structure of formic acid 

2.2  GROWTH OF SINGLE CRYSTALS 

2.2.1  Solubility Determination of Pure and Doped Strontium 

Formate Dihydrate Single Crystals 

 The solubility study was carried out for the twice recrystallized 

pure and 0.05M concentration of glycine and urea doped SFD salt using 

Millipore distilled water at different temperatures ranging from 30 – 45 °C. 

Figure 2.4 shows the solubility curves obtained in the present study. It was 

noticed that the solubility increases with the increase in temperature in a 

linear fashion for all the samples and it is found to be more for doped SFD 
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crystals compared to pure SFD crystals. However, the solvent is able to 

accommodate a marginally increased amount of solute for saturation at the 

same temperature. Since solubility increases with temperature, the samples 

have positive temperature coefficient of solubility. Hence glycine and urea 

doped SFD crystal can be grown by the solvent evaporation method. The 

solubility increase in glycine and urea doped crystal may lead to change the 

thermodynamic parameters such as surface concentrations of growth species 

and surface energy. Hence, it may be responsible for the change in growth 

rate and surface features change during the growth of crystals. 

 The solubility is found to increase with increase in temperature 

nearly in a linear fashion indicating that water can be considered as a suitable 

solvent for the growth of good quality single crystals by the solution method. 

Further, it is observed that glycine and urea addition increases the solubility 

of SFD at all temperatures considered. 

 

Figure 2.4 Solubility curve of the pure and doped SFD crystals 
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2.2.2  Growth of Strontium Formate Dihydrate (SFD) Single Crystals 

 Strontium formate dihydrate was synthesized by the following 

procedure. A mixture of 4 M formic acid and 100 ml distilled water was 

stirred continuously at 40 °C for 2 hrs using a magnetic stirrer. SrCO3 was 

added to attain saturation condition.  

 The solution formed was filtered and transferred to beakers with the 

top sealed with perforated aluminum foil. The growth vessel (beaker) was 

kept in a constant temperature bath at      40 °C. The solution was allowed to 

evaporate slowly. Crystals with good quality (defect less) morphology and 

transparency appeared nearer to the bottom of the beaker in about 2 days and 

grew into large crystals in about 8-10 days.  

 The observed flat bottom of the grown crystals indicates a higher 

probability of two dimensional nucleation mechanisms. The SFD crystals 

formed were further recrystallized twice from aqueous solution to obtain the 

pure SFD material for use.  

 For the growth of glycine and urea doped crystals, the respective 

dopants were taken in three different concentrations, viz., 0.005, 0.05 and 0.1 

M, and mixed with the saturated solution of strontium formate dihydrate.  All 

other growth conditions were similar to that of pure crystal. The photographs 

of pure, glycine and urea doped SFD crystals are shown in Figures 2.5 and 

2.6. 
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Figure 2.5 Photographs of the grown pure and glycine doped SFD 
crystals 

 

Figure 2.6 Photographs of the grown urea doped SFD crystals 
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2.2.3  Growth of Large SFD Crystals by Seed Rotation Method  

 In order to grow SFD crystal in large size, an optically good quality 

and defect less seed crystal was used. The growth vessel was a 1000 ml 

beaker which was containing the saturated solution. The growth cell was kept 

in a constant temperature bath and the solute was allowed to evaporate freely 

at 40 °C. The seed crystal was mounted on a seed holder which was rotated 

clockwise and anti clockwise with 10 rpm (for every 60 seconds). The large 

crystal was grown in about 15 days. The grown crystal is shown in the  

Figure 2.7. 

 

Figure 2.7 Photograph of large SFD crystals 

2.3  CHARACTERIZATION TECHNIQUES USED 

 In the present work, the grown crystals were characterized by 

employing following techniques. 

 



60 

 

2.3.1  Elemental Analysis 

 The incorporation of the dopant, glycine and urea, in the SFD 

crystal matrix was confirmed by the elemental analysis using Elemental Vario 

EL 111 available at Sophisticated Test and Instrumentation Centre (STIC), 

Cochin University of Science and Technology, Cochin, Kerala, India. 

2.3.2  Powder X-Ray Diffraction Technique 

 The structural characterization of the grown crystals was carried out 

by obtaining the powder X-ray diffraction (PXRD) data using a Philips X’pert 

Pro diffractometer (operating at 40 kV and 30 mA) with CuK  radiation 

=1.5418 Å) scanned over the 2  range of 10-80° at the  rate of  2°/min 

available at Manonmaniam Sundaranar University, Tirunelveli, Tamilnadu, 

India. 

2.3.3  High Resolution X-Ray Diffraction 

 The crystalline perfection of the grown crystals was studied by 

recording high resolution X-ray diffraction (HRXRD) curves by employing a 

multicrystal X-ray diffractometer PAN analytical X-Pert Pro at Crystal 

Growth Centre, Anna University, Chennai. Well collimated and 

monochromatic MoK 1 beam obtained from three monochromator Si crystals 

set in dispersive (+,-,-) configuration has been used as the exploring X-ray 

beam.  

2.3.4  Fourier Transform Infrared Spectroscopy 

 The mid Fourier transform infrared (FTIR) spectra were recorded 

using a JASCO FTIR 4600 spectrometer in KBr phase in the wavenumber 

region 400-4000 cm-1 at Centre for Scientific and Applied Research, PSN 

College of Engineering and Technology, Tirunelveli, Tamilnadu, India. 
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2.3.5  Raman Spectroscopy 

 Raman spectra were recorded at room temperature in 

backscattering geometry using a Lab Ram HR 800 spectrometer with 514 nm 

line of Ar+ laser as the excitation source at Sri Venkateswara University, 

Tirupathi, Andhra Pradesh, India. 

2.3.6  Thermal analysis (TG/DTA) 

 Thermogravimetric analysis (TG/DTA) was carried out using a 

Perkin Elmer Diamond TG/DTA analyzer under inert gas atmosphere heated 

from 30 – 750 °C at a rate of 20 °C/min to confirm the presence of water of 

crystallization and to understand the thermal stability. This analysis was 

carried out at Sophisticated Test and Instrumentation Centre (STIC), Cochin 

University of Science and Technology, Cochin, Kerala, India. 

2.3.7  UV-Vis-NIR Analysis 

 The UV-Vis-NIR transmittance and reflectance spectra were 

recorded in the wavelength range 200 – 1200 nm by Shimadzu DRS UV – 

2600 spectrophotometer available at Centre for Scientific and Applied 

Research, PSN College of Engineering and Technology, Tirunelveli, 

Tamilnadu, India. The crystal sample used for the measurement was prepared 

by cutting a plate of thickness 1 mm from the grown crystal and then polished 

by using a soft emery paper.  

2.3.8  Second Harmonic Generation Efficiency 

 The second harmonic generations efficiency of the grown crystals 

was checked by Kurtz and Perry powder SHG method using Nd: YAG Q- 

switched laser which emits the first harmonic output of 1064 nm. The SHG of 

the grown crystals was confirmed by the emission of green light (wavelength 
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532 nm). Potassium dihydrogen orthophosphate sample was used as the 

reference material in the SHG measurement. The grown crystals were ground 

well and used for second harmonic generation efficiency analysis at 

Department of Inorganic & Physical Chemistry (IPC), Indian Institute of 

Science, Bangalore, Karnataka, India. 

2.3.9  Mechanical Stability (Vickers Microhardness) Analysis 

 Mechanical strength of the grown crystals was measured using a 

Vickers microhardness tester fitted with a diamond indenter (Shimadzu 

HMV–2T) available at St. Josephs College, Trichy, Tamilnadu, India. 

Crystals with large defect–free surface were selected and used for the 

measurement. The Vickers microhardness values (HV) were determined by 

using the relation: 

 
2d

P  8544.1  VH                (2.1) 

 Here, P is the applied load in kg and d is the average diagonal 

length of the indentation in mm. The load P was varied from 25–100 g by 

keeping a constant indentation time 5 s for all trials and the diagonal length of 

the indentation was measured. 

2.3.10  Chemical Etching Studies 

 The surface features of the grown crystals were studied by using the 

chemical etching study. Chemical etching is a simple and powerful tool to 

analyze the quality of the grown crystals. The study was carried out using 

water as an etchant at room temperature for different etching times, viz. 10, 

30, 50 and 70 s. First the crystal was completely immersed in the etchant and 

then etched crystal was dried using tissue paper and etched features were 

analyzed using an optical microscope (OLYMPUS BX 51M)  available at 



63 

 

Centre for Scientific and Applied Research, PSN College of Engineering and 

Technology, Tirunelveli, Tamilnadu, India.  

2.3.11  Scanning Electron Microscopy (SEM) Analysis 

 The SEM provides information about the morphology, phase 

distribution, topographical features, crystal orientation etc. The surface 

features for irradiated and non irradiated crystals were analyzed using Caral 

Zeiss EVO-MA15 scanning electron microscope at Sri Venkateswara 

University, Tirupathi, Andhra Pradesh, India. 

2.3.12  Electrical Measurement 

 The DC electrical conductivity measurements were carried out to 

an accuracy of    ±2 percentage along all the three directions (a-, b- and c-) of 

the crystal at various temperatures ranging from  35 – 70 °C by the 

conventional two-probe method using a Zahner IM6 electrochemical 

workstation. The temperature was controlled to an accuracy of ±0.1 °C. The 

crystal sample was kept at a particular temperature for about 5 min to get 

thermally homogenized before making the observation. The extended portions 

of the crystal were removed completely. To obtain a good conductive surface 

layer, the opposite faces were polished and coated with good quality graphite 

paste. The DC electrical conductivity ( dc) of the crystal was estimated using 

the relation: 

 dc = dcrys/RAcrys              (2.2) 

 Here, R is the measured resistance and dcrys, and Acrys are 

respectively the thickness and area of the face in contact with the electrode of 

the crystal measured using a travelling microscope (Least count = 0.001cm). 
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 AC electrical measurements were carried out on pellet samples 

prepared from the grown crystals. The crystals were ground to a fine powder 

and the powder was then pressed into circular pellets of thickness 1.5–2.5 mm 

under a pressure of 150 kg/mm2 using a hand operated hydraulic press. Silver 

paint was applied on both flat surfaces of the pellet. AC electrical 

conductivity measurements were carried out in the frequency range 1Hz – 6 

MHz at different temperatures in the range 30 - 70 oC using an impedance 

analyzer (BIOLOGIC SP 300) together with a temperature sensor.  

2.4  ELECTRON BEAM IRRADIATION OF SINGLE CRYSTALS 

 The grown crystals were irradiated by a 8 MeV electron beam at a 

distance of 30 cm from the beam exit part at room temperature (32 °C ) from 

a variable energy microtron source available at Microtron Centre, Mangalore 

University, Mangalore, Karnataka India. Specifications of electron beam used 

for irradiation are  beam current – 50 mA (maximum), beam size-3×5 mm2, 

pulse repetition rate – 250 Hz (maximum), pulse width – 2.5 s (maximum), 

microwave source – magnetron, magnetic power 2 MW, operation frequency 

– 2998 MHz, etc.  

 The grown pure and glycine doped (with two different 

concentrations, viz. 0.005 and 0.05M) SFD single crystals  were irradiated at 

four different electron fluences, viz. 1, 10, 50 and 100 kGy (a total of 12 

irradiated crystals). 
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CHAPTER 3 

EFFECT OF DOPING AND IRRADIATION ON PURE AND 

DOPED STRONTIUM FORMATE DIHYDRATE 

CRYSTALS 

 

 In this chapter we present the results obtained for both glycine and 

electron beam irradiated SFD crystals. The single crystals were grown by the 

free evaporation method and characterized by elemental, PXRD, HRXRD, 

FTIR, FT-Raman, UV-Vis-NIR, scanning electron microscopy, chemical 

etching, SHG studies, microhardness analysis and electrical properties. The 

results obtained are reported herein.  

 The pure and glycine doped SFD single crystals grown are found to 

be stable, transparent and colorless. The crystals grown without seed are 

named as follows:  

 SFD-Pure means pure SFD,  

 SFD-0.005G means 0.005 M glycine doped SFD, 

 SFD-0.05G means 0.05 M glycine doped SFD,  

 SFD-0.1G means 0.1 M glycine doped SFD crystals.  

3.1  ELEMENTAL ANALYSIS 

 In order to confirm the presence of glycine in the grown crystals, 

elemental analysis was carried. The results obtained are presented in  

Table 3.1. The experimentally obtained values for the nitrogen content are 
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found to be less than those taken for the experiment which indicates that the 

number of dopant molecules incorporated into the SFD crystal matrix is less 

than that considered in the solution used for the growth of single crystals.  

Moreover, the nitrogen content observed in SFD-0.1G crystal is 0.01 at% 

which indicates that doping is saturated at lower concentrations when glycine 

is used as the dopant. 

Table 3.1 The nitrogen content (in at %) present in the grown crystals 

Crystal 
Nitrogen content (at %) 

Theoretical Experimental 
SFD-Pure - - 
SFD-0.005G 0.09 0.04 
SFD-0.05G 0.9 0.09 
SFD-0.1G 0.1 0.01 

 

3.2  POWDER X-RAY DIFFRACTION ANALYSIS 

 Figure 3.1 shows the PXRD patterns observed in the present study 

for the pure and glycine doped SFD crystals. The PXRD pattern observed for 

the SFD-Pure crystal compares well with JCPDS data (JCPDS ICDD 2003 

File No.14-0824). The peak corresponding to (110) plane has the maximum 

intensity for all the four crystals and, in general, the sharp peaks observed 

indicate the crystalline nature of the grown crystals. These sharp peaks further 

indicate that the crystalline perfection is increased on doping with glycine. 

The PXRD pattern for the SFD-Pure crystal was indexed and the lattice 

parameters were determined. The crystal lattice system is found to be 

orthorhombic with space group P212121. The lattice parameters obtained are:  

a =7.327, b = 12.060 and c = 7.154 Å which compare well with that available 

in the literature (Greena et al. 2010). A small change in 2  values (but within 

0.5°) of glycine doped SFD crystals has been found when compared to that of 
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SFD-Pure crystal that may be attributed to the presence of dopant (glycine) 

molecules in the SFD crystal matrix.  

 

Figure 3.1 XRD patterns observed for the pure and glycine doped SFD 
crystals 
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 The observed resemblance of the peaks in the PXRD patterns of the 

pure and glycine doped SFD crystals indicate the absence of any significant 

lattice distortion due to doping of SFD with glycine. The calculated lattice 

parameters are given in Table 3.2. The variation in lattice parameters 

observed may essentially be due to the incorporation of glycine dopant in the 

SFD crystal matrix.  

Table 3.2 The observed lattice parameters of the grown crystals 

Crystal 
Lattice parameters 

V(Å3) 
a (Å) b (Å) c (Å) 

SFD-Pure  7.327 12.060 7.154 632.2 
SFD-0.005G 7.335 12.036 7.142 630.5 
SFD-0.05G 7.346 12.044 7.149 633.1 
SFD-0.1G 7.349 12.053 7.156 633.8 

 

 Figures 3.2 & 3.3 show the powder XRD (PXRD) patterns of the 

EB irradiated SFD-Pure and SFD – 0.05G samples.  Figures 3.2b & 3.3b 

represent the expanded region of X-ray diffraction pattern of the EB irradiated 

SFD-Pure and SFD-0.05G (1, 10, 50 kGy and 100 kGy) crystals. The sharp 

peaks observed in the case of sample irradiated at 1 kGy indicate that 

crystallinity is improved with irradiation.  

 The crystalline perfection, however, is found to decrease on 

increasing the irradiation dosage (10 and 50 kGy) due to thermal effects of 

irradiation and consequent self-annealing leading to amorphization of the 

crystal at higher irradiation dosages as evident from the XRD pattern of 

sample irradiated at 50 kGy. As the dosage is increased to 100 kGy, the 

crystallinity is seen to be enhanced. Similar observation has been reported by 

Hayashi et al. (1993), who found enhanced crystalline perfection at 100 kGy 
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and higher dose of EB irradiation in the case of silicon crystals. According to 

them the enhanced crystalline perfection is attributed to the amorphizized 

regions getting recrystallized. However, in the present study, it is observed 

that there is a marginal fall in crystalline perfection of SFD and SFD-0.05G 

after EB irradiation at 100 kGy.  

 It is well known that irradiation of the crystal introduces interstitial 

defects, which cause compressive stress in the lattice around the defect 

centres. As a consequence of these lattice stress introduced by the interstitials, 

there is a decrease in interplanar spacing leading to give slightly higher Bragg 

angle. A small change in 2  values (but well within 0.5 °) of irradiated 

crystals has been found for all doses of irradiation when compared to that of 

non-irradiated SFD-Pure and SFD-0.05G crystals.  

 This clearly indicates that the electron solid interaction is capable 

of producing electronic excitation leading to thermal spikes produced along 

the path of electron, which may have some effect on the mechanical and 

thermal properties of the crystals concerned. When the electron fluence 

increases, the intensity of the diffraction peaks are decreased and the peaks 

are broadened and shifted from their positions. These observations clearly 

confirm the localized lattice deformation and decrease in crystallinity of 

irradiated pure and glycine doped SFD crystals.  
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Figure 3.2  (Continued) 
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Figure 3.2 (a) The X-ray diffraction pattern of the EB irradiated SFD-
Pure and (b) Expanded region of X-ray diffraction pattern 
of the EB irradiated SFD-Pure  (10, 50 kGy and 100 kGy) 
crystals 
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Figure 3.3 (Continued) 
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Figure 3.3 (a) The X-ray diffraction pattern of the EB irradiated SFD-
0.05G and (b) Expanded region of X-ray diffraction pattern 
of the EB irradiated SFD-0.05G  (10, 50 kGy and 100 kGy) 
crystals 

3.3  HIGH RESOLUTION X-RAY DIFFRACTION ANALYSIS 

 Figure 3.4 (a & b) shows the HRXRD curves (both as-observed and 

Lorentz fit) for SFD-Pure and SFD-0.05G single crystals recorded under 

identical condition for (110) diffracting planes. The HRXRD curve for SFD-

Pure crystal contains a single peak with FWHM (full width at half maximum 
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of intensity) of 116 arcsec. This indicates that the specimen is free from 

structural grain boundaries. This feature of the curve clearly indicates that the 

crystal contains predominantly interstitial type of defects. The curve for SFD-

0.05G crystal also contains a single peak but relatively low angular spread 

(the FWHM is 110 arcsec) and is highly symmetric. This indicates that the 

crystalline perfection of SFD crystal has improved significantly due to glycine 

doping.  

 

Figure 3.4 The HRXRD curves (both as-observed  and Lorentz fit) 
recorded for  (a) SFD-Pure and (b) SFD-0.05G crystals. 

 Figure 3.5 shows HRXRD curves for EB irradiated SFD-Pure and 

SFD-0.05G crystals.  It is well known that due to electron beam irradiation, 

large number of vacancies as well as self-introduced interstitials are formed in 

the crystal. This may also lead to total amorphization of surface layers at 

higher dosage. To analyze such structural changes, high resolution X-ray 

diffraction (HRXRD) studies were carried out. The diffractive curve for 

irradiated SFD-0.05G crystals recorded under identical condition for (110) 

diffracting plane are shown in figure 3.5. The observed full width at half 

maximum of intensity (FWHM) values and asymmetric nature of the peaks 

indicate the poor crystalline nature of samples irradiated at higher doses  

(50 kGy and 100 kGy). The crystalline perfection was seen to increase with 
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dosage up to 10 kGy of irradiation compared to non-irradiated crystals. The 

FWHM of the main peaks are 573 and 760 arc sec respectively for the 50 and 

100 kGy EB irradiations. The main peaks with 573 and 760 arc sec seen to be 

corresponding to the EB irradiated surface of the main crystal blocks which 

contain interstitial defects. Moreover, the additional peak observed at 50 kGy 

of irradiation indicates that this plane also contains huge number of point 

defects due to higher dosage of EB irradiation. It is in good agreement with 

the PXRD result for 50 kGy of irradiation. The additional peaks indicate two 

separate crystalline regions which are disoriented from the main crystalline 

block with the above-mentioned tilt angles. This is due to the outcome of self-

annealing by the thermal energy generated during EB irradiation. It clearly 

indicates that the increase in EB dosage results in more imperfections in the 

crystal. Due to heat generation during EB irradiation at higher dosage, crystal 

becomes amorphizized in nature.  For 100 kGy of EB irradiation the 

amorphizized regions get recrystallized, shoulder peaks are not found. So, the 

result obtained through HRXRD measurement is in good agreement with that 

obtained through PXRD measurements. 

 Another striking feature of the x-ray diffraction patterns of pure 

SFD, SFD-0.005G and SFD-0.05G samples after irradiation, is the 

appearance of additional diffraction peaks, besides the characteristic peaks of 

SFD. These additional peaks were identified as those belonging to SrCO3. 

Formation of SrCO3 in the irradiated SFD sample is not unexpected.  Since 

the samples are exposed to electron beam in atmosphere, electron interaction 

with air and consequent generation of free radicals and reactive species and 

their interaction with sample surface need to be considered while analyzing 

the surface composition. This becomes all the more important in view of the 

small sample dimension used for EB irradiation and the appreciable volume 

of air in the sample holder.   



76 

 

 

 

Figure 3.5 HRXRD curves recorded for a SFD-0.05G (1, 10, 50 and  
100 kGy) 

 Electron interaction with oxygen of the air produces ozone 

(Yapsakl  et al. 2004), which is a strong oxidizing agent. Formic acid and 

formate ions are known to act as both initiator and promoter for ozone 

decomposition (Yapsakl  et al. 2004; Staehelin & Hoigné 1985). Thus, the 

ozone generated during electron beam exposure can interact with strontium 

formate as shown in Equation (3.1) 

 Sr(HCOO)2. 2 H2O + O3 = SrCO3 + HCOOH+ O2 + 2 H2O      (3.1) 
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 However, formic acid formed dissociates to water and CO gas. In 

the presence of moisture in air, electron interaction with H2O generates OH 

radical, which is a stronger oxidizer than ozone and reacts with Sr-formate to 

give SrCO3 and formic acid as follows: 

 Sr(HCOO)2. 2 H2O + 4OH  = SrCO3 + HCOOH + 3H2O+ O2  (3.2) 

 The formic acid formed (as in Equation 3.2) above immediately 

dissociates to water and CO gas. The reaction pathway represented in 

Equation (3.2) is more probable than Equation (3.1), because the water of 

hydration in SFD that is released during EB irradiation interacts with electron 

beam generating OH radicals. Besides the above mentioned reactions, formic 

acid/formate ion are converted to CO2
•- radical by its interaction with OH 

radical. Ozonation process also leads to formate ion and formic acid getting 

converted to CO3
•- radicals (Yapsakl  et al. 2004). The generated carbonate 

radical can directly react with the formate to form Sr-carbonate. The time 

scale for the creation of hydroxyl radical due to electron beam interaction 

with water is on the order of 10
-16 

seconds. Electron beam energies in the 

range of 10-100 keV are sufficient to generate OH radicals and other reactive 

species. The beam energy used for the irradiation studies is of the order of 8 

MeV and, therefore, decomposition of the Sr-formate by the above 

mechanism is not surprising. The PXRD pattern obtained for EB irradiated 

crystals show peak corresponding to the formation of SrCO3 (JCPDS card No: 

84-1778). However, it should be noted that the reaction is confined to the 

surface level and hence XRD of the sample powder after irradiation may give 

only weak diffraction peaks of the new phase formed. This has also been 

confirmed by FTIR analysis as explained in the following paragraphs. 
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3.4  FOURIER TRANSFORM INFRARED SPECTROSCOPY 

 Figure 3.6 shows the FTIR spectra recorded in the present study for 

pure and glycine doped SFD crystals. The broad band observed at around 

3431 cm-1 indicates the presence of water molecules. The bands observed at 

around 2855, and 716 cm-1 are due to stretching and bending vibrations of the 

–CH group. The band observed at around 1600 cm-1 is attributed to stretching 

vibration of the –CO group. The symmetric and asymmetric vibration modes 

of formate ions (-COO) are observed at around 1363, and 872 cm-1. The metal 

– oxygen (Sr-O) stretching is observed at around 649 cm-1. Presence of these 

functional groups in SFD-Pure is in good agreement with that reported in the 

literature (Greena et al. 2013). The FTIR spectra of glycine doped SFD 

crystals have similar feature with that of SFD-Pure crystal. Further, they also 

exhibit few additional absorption bands with less intensity. The peaks at 

around 2743 and 2742 cm-1 are assigned to the vibration of H3N+. The 

prominent band near 2250 cm-1 may be allocated to the combination band of 

H3N+ and COO . The peaks observed at around 1109 cm-1 and 1124 cm-1 

correspond respectively to H3N+ rocking frequencies of SFD-0.005G and 

SFD-0.05G crystals. This result evidences the presence of glycine molecules 

in the SFD crystal matrix in the case of glycine doped SFD crystals. 

 Figure 3.7 shows the FTIR spectra recorded in the present study for 

all the twelve EB irradiated crystals. It is found that the structure of the 

molecule remains invariant after irradiation. However, new peaks with less 

intensity have been observed in the wave-number region 3500–4000 cm-1, 

corresponding to the C-O stretching in SrCO3. 
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Figure 3.6 FTIR spectra of pure and glycine doped SFD crystals 

 

Figure 3.7 FTIR spectra of EB irradiated SFD-Pure and SFD-0.05G 
crystals 
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3.5  FT–RAMAN SPECTRAL ANALYSIS  

 Figure 3.8 shows the Raman spectra recorded in the present study. 

All the three crystals considered in the present study belong to the 

orthorhombic system with space group P212121. There are four molecules in 

the unit cell and all the atoms occupy general positions. Some broad and weak 

modes observed in the Raman spectrum of these crystals indicate the presence 

of some defects, probably, due to loss of some water molecules. Moreover, 

the weak band corresponding to ( 1 +  3) reported in the literature (Prieto  

et al. 1983) is not observed for all the three crystals considered in the present 

study.  

 The loss of crystal hydrate is confirmed by the thermogravimetric 

analysis. The spectra observed for the glycine doped SFD crystals indicate 

intensity changes in the peaks with respect to that for the pure SFD crystal 

indicating the presence of glycine molecules in the SFD crystal matrix. Also, 

it should be noted that neither the crystal lattice nor the space group symmetry 

are modified by the glycine doping. The intense bands in the wavenumber 

region 1300 – 1400 cm-1 (1360, 1363, 1377, and 1383 cm-1) can be assigned 

to the vibration of formate ions. Glycine addition is found to increase the 

intensity of these peaks. The bands observed in the wavenumber region 2600 

– 3200 cm-1 (2746, 2855, 2956, and 3110 cm-1) can be attributed to the 

internal frequencies of the water molecules in the crystal hydrates. Glycine 

addition decreases the intensity of these peaks as well as that of the peak 

observed at 1068 cm-1 which is assigned to 6. Most of the bands appearing in 

the wavenumber region below 800 cm-1 can be attributed to translational and 

vibrational modes of the water – formate vibrations and oxygen – strontium 
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vibrations in consequence of the existence of hydrogen bonding and cation 

coordination respectively. 

 

Figure 3.8 Raman spectra for pure and glycine doped SFD crystal 

 The FT-Raman spectra for EB irradiated crystals are shown in 

Figure 3.9. The Raman spectra further evidenced that the structure of the 

molecule remains invariant after irradiation. The observed intensity changes 

in the peaks indicate the creation of defects in the crystal matrix. However, it 

should be noted that the creation of defects due to irradiation does not modify 

significantly the crystal structure. 

0 1000 2000 3000 4000

  SFD- 0.1G

  SFD- 0.05G

  SFD- 0.005G

  SFD- Pure

In
te

ns
ity

 (a
.u

)

Wavenumber (cm-1)

 

 



82 

 

 

Figure 3.9 FT-Raman spectra of EB irradiated pure and glycine doped 
SFD crystals 

3.6  CHEMICAL ETCHING STUDIES 

  Figures 3.10 (a & b) represents the etching pattern of the non-

irradiated SFD-Pure and SFD-0.05G crystals. The solvent used was water. 

From the resulting etch patterns, the characteristic distribution of defects in 

the crystal after 10 s etching was observed. In the case of SFD-Pure crystal 

the etch pits become smooth compared to 0.05G doped SFD crystal. But in 

the case SFD-0.05G crystal initially the crystal surface was smooth and defect 

formation increases with increase of etching time. Striation and step like 

pattern was observed as shown in Figures 3.10 (a & b). This is because at 

high growth rates and two dimensional nucleation predominate at corners. 
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The etch pits produced by etchants are composed from solvents in which a 

crystal is highly soluble or poorly soluble. In the above two crystals, it is 

observed that the etch pits formed on the crystal surface were somewhat 

pyramidal shape as shown in in Figure 3.10b. This indicates the complete 

saturation of the crystal. There is no change found in the shape of etch pits 

and morphology on successive etching from 30 to 70 s. 

 Figures 3.10 (c-f) represent the etching pattern of EB irradiated 

SFD-0.05G crystals for 1, 10, 50 and 100 kGy respectively. The 1 and 10 kGy 

of EB irradiation dosage leads to smoothen the surface of the crystals up to an 

etchiting period of 30 s and further increasing the etching period it creates 

defects in the crystal surface. It is observed that the 1 and 10 kGy of EB 

irradiation improve the crystalline perfection compared to non-irradiated 

SFD-0.05G crystal. These results are correlated with the HRXRD and PXRD 

results. Step like pattern generation occurs primarily, wherever the super 

saturation was higher. The defect formation increases with increased of 

etching period in the case of 50 and 100 kGy of irradiated crystals. 

 In Figure 3.10(f) whitening of surface was observed in some places 

in 100 kGy of irradiation. This may be due to the area affected by EB 

irradiation. SEM analysis also gives the same features for 50 and 100 kGy of 

SFD-0.05G crystals. From the etching study, it is confirmed that the crystals 

has layered growth with 2D nucleation mechanism and has less dislocation. 

The defect formation increased when irradiation dosage was increased. 
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Figure 3.10 (Continued) 
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Figure 3.10 (a) Etching pattern of the non- irradiated SFD-Pure, (b) 
Non-irradiated SFD-0.05G crystals, (c) SFD-0.05G  with 1 
kGy, (d) SFD-0.05G  with 10 kGy,  (e)  SFD-0.05G  with 50 
kGy and (f)  SFD-0.05G  with 100 kGy crystals  

3.7  SEM ANALYSIS 

 The influence of EB irradiation on the surface features of the grown 

crystals reveals the formation of crater and more number of grain boundaries 

compared to non-irradiated crystals shown in the Figure 3.11. This can be due 

to the shock waves generated in the crystal due to EB irradiation as explained 

by many researchers. This type of craters has been imaged by AFM on the 

surface of L-valine single crystals after bombardment with MeV ions and also 

on the organic benzoyl glycine and acetoacetanilide crystals (Eriksson et al. 

1996; Nagaraja et al. 2000).  

 In general, the binding energy of the molecules is of the order of a 

few electron volts (eV), while the energy received by each molecule is about a 

few MeV. Such higher electron energies can lead to ejection of atoms or 
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fragmentation of molecules. Moreover, the presence of hydrogen bonds in the 

crystal lattice of SFD-0.05G undergoes distribution and the ejected material 

leaves a relatively larger crater around the electron track core. SEM analysis 

clearly indicates that the electron beam irradiation damages the surface of the 

grown crystals when dosage is increased. 

 The SEM images of the irradiated and non-irradiated pure and 

glycine doped SFD crystals obtained in the same magnification are shown in 

Figures 3.11 & 3.12. The SEM images of the non-irradiated crystals show 

smooth surface with presence of some visible inclusions deposited on the 

surface of crystals Figure 3.11 (c-f). This may be due to the presence of 

glycine in the crystal matrix and temperature fluctuations during the growth 

process.  

 The bright bands seen on the surface in the 50 and 100 kGy 

irradiated crystals. Figure 3.12 shows the affected area due to EB irradiation 

and the presence of a second phase. This is in line with the results of XRD 

analyses and FTIR results of SFD samples exposed to higher dosage. The 

XRD patterns showed additional diffraction peaks attributable to SrCO3, 

which is formed due to the interaction of SFD with ozone and OH free 

radicals generated by electron induced radiolysis of air and moisture.  

 When irradiation dosage increases, the concentration of the second 

phase also increases as revealed by the increased density of the bright bands. 

In the case of glycine doped SFD exposed to lower dosage (1kGy & 10 kGy), 

decomposition of glycine molecule and deposition of the decomposed product 

may also be a possible reason for the observed bright bands. However, in the 

case of 50 kGy and 100 kGy irradiated crystals, these white bands are due to 

formation of SrCO3 at the surface, as confirmed by XRD results.  
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Figure 3.11 (a & b) SEM images of non-irradiated SFD-Pure, (c & d) 
Non-irradiated SFD-0.005G and (e & f) non-irradiated SFD-
0.05G crystals 
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Figure 3.12 SEM images of EB irradiated SFD-0.05G crystals at 
different dosage (1, 10, 50 and 100 kGy) 

3.8  THERMOGRAVIMETRIC ANALYSIS 

 The TG/DTA curves observed for SFD-Pure and SFD-0.05G 

crystals (only these two crystals studied) are shown in figure 3.13. The 

thermogravimetric analysis provides the number of water molecules present 

in the crystals. Previous authors reported two water molecules. But, we have 

observed only 1.66 and 1.76 water molecules respectively for the SFD-Pure 

and SFD-0.05G crystals. (Manonmani et al.2007; 2008) have reported earlier 
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similar results for K3BaCl5.2H2O,  K3CaCl5.2H2O and Na3CaCl5.2H2O 

crystals. This is interesting as these crystals are expected to be more useful. 

Both of these crystals are found to be thermally stable at least up to 72 °C. 

Moreover, the sharpness of endothermic peaks observed indicate the good 

crystallinity of the grown crystals.  

 There are two weight losses observed in the TG curve for the SFD-

Pure crystal. The first weight loss (13.98 %) takes place within 72 – 115 °C 

due to liberation of water molecules. This is confirmed by the endothermic 

peak observed at 94.5 °C in the DTA curve. The anhydrous strontium formate 

can be considered as the -type as reported by the earlier authors. The second 

weight loss (11.66 %) takes place within 465 – 522 °C due to liberation of 

gaseous molecules like CO and H2. The exothermic peak observed at  

512.9 °C in the DTA curve confirms this. Another endothermic peak observed 

at 234 °C in the DTA curve (with no corresponding weight loss observed in 

the TG curve) can be attributed to the structural phase transition, i.e. the 

formation of -type anhydrous strontium formate crystal. So, the thermal 

decomposition within the temperature range considered for the SFD-Pure 

crystal can be represented by the following equation: 

3
III  Stage  ,,

2

II  Stage   
2

I  Stage  ,66.1
22

2

2

)(                                                                 

)(- 66.1.)(

SrCOHCOOSr

HCOOSrOHHCOOSr
HCO

OH

      (3.3) 

 In the case of SFD-0.005G and SFD-0.05G crystal, there are three 

weight losses observed in the TG curve. The first weight loss (14.98 and 

13.43 %) takes place within 72 – 126 °C due to the liberation of water 

molecules which is confirmed by the endothermic peak observed at 102.9 °C 

in the DTA curve. The second weight loss (5 %) takes place only in SFD-

0.05G within 343 – 346 °C which may be due to the liberation of glycine 

molecules. The third weight loss (12.05 and 11 %) takes place within  



90 

 

474–515 °C due to the liberation of gaseous molecules like CO and H2 which 

is confirmed by the exothermic peak observed at 510.2 °C in the DTA curve. 

Moreover the liberation of glycine molecule takes place in second stage in 

SFD-0.005G crystals. As in the case of SFD-Pure crystal, another 

endothermic peak observed at 215 °C and 226.1°C in the DTA curve (with no 

corresponding weight loss observed in the TG curve) can be attributed to the 

-type to -type structural phase transition of the anhydrous strontium formate 

crystal. So, the thermal decomposition for the SFD-0.005G and SFD-0.05G 

crystal can be represented as: 

3
IV  Stage  ,  ,

2
III  Stage    Glycine, -

2

II  Stage
2

I  Stage  ,59.1
22

2

2

)(Glycine )(                      

 Glycine )(-  Glycine  59.1.)(

SrCOHCOOSrHCOOSr

HCOOSrOHHCOOSr
HCO

OH

 
(3.4) 
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2
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2

I  Stage  ,76.1
22

2

2

)(Glycine )(                      

 Glycine )(-  Glycine  76.1.)(

SrCOHCOOSrHCOOSr

HCOOSrOHHCOOSr
HCO

OH

 (3.5) 

 In case of SFD-0.1G crystal the first major weight loss (16.05%) 

takes place within 84-100 °C due to the liberation of water molecules. This is 

confirmed by the endothermic peak observed at 82.9 °C in the DTA curve. 

The second major weight loss (12.11%) takes place within the 468-480 °C 

due to the liberation of gaseous molecules like CO and H2. This is confirmed 

by the exothermic peak observed at 484.5 °C in the DTA curve. Another 

endothermic peak observed at 222.9 °C in the DTA curve (with no 

corresponding major weight loss observed in the TG curve) can be attributed 

to the -type to -type structural phase transition of the anhydrous strontium 

formate crystal. The gradual weight loss observed in the temperature range 

100–468 °C can be attributed to the liberation of glycine molecules. It is 

interesting to note that the number of water molecules present in SFD-0.1G 

crystal is only 1.91. However, this is significantly higher than that for SFD-

Pure (1.66), SFD-0.005G and SFD-0.05G (1.76) crystals. Moreover, the SFD-

0.1G crystal is found to the thermally stable at least up to 63 °C. That is, SFD-
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0.1G is found to be thermally less stable than the pure and 5 mol% glycine 

doped SFD crystals (stable up to 72 oC). The thermal decomposition for the 

SFD-0.1G crystal can be represented as: 

3
IV  Stage  ,  ,

2
III  Stage    Glycine, -

2

II  Stage
2

I  Stage  , 91.1
22

2

2

)(Glycine )(       

 Glycine )(-  Glycine   91.1.)(

SrCOHCOOSrHCOOSr
HCOOSrOHHCOOSr

HCO

OH

   
 (3.6) 

 

 

Figure 3.13 TG/DTA curves observed for the pure and glycine doped 
SFD crystals 
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temperature region of 55–110 °C. This weight loss is associated with loss of 

water of hydration. However, in the case of all irradiated samples, the water 

of hydration is observed to be lost at much lower temperature region. This 

may be due to traces of water molecules and formic acid (formed during 

irradiation as explained in sec.3.3) adhering to the sample. The corresponding 

endothermic DTA peak is found to be in the region around at 85 °C for pure 

as well as glycine doped SFD crystals.  

 

 

 

 

 

 

 

 

 
 

Figure 3.14 TG/DTA curves of the EB irradiated SFD-Pure crystal at 1, 
10, 50 and 100 kGy 
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to SrCO3 releasing CO and H2O. The CO released combines with oxygen in 

the environment forming CO2, accompanied by the exothermic peak in the 

temperature range of around 520 °C. In the case of all the irradiated samples, 

another endothermic DTA peak is found without any corresponding weight 

loss. This can be attributed to the –type to –type structural phase transition 

of the anhydrous strontium formate crystal by the endothermic peak observed 

in the DTA curve at around 230°C. No attempt to correlate the quantity of 

water molecules lost in step 1 and step 2 was made with the irradiation 

dosage, since experimental conditions could not be precisely controlled 

during EB-irradiation. Further, the irradiated samples were powdered and 

used for thermal analyses experiments.  

 

 

 

 

 

 

 

 

 

Figure 3.15 TG/DTA curves of the EB irradiated SFD - 0.05G crystal at 
1, 10, 50 and 100 kGy 
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3.9  UV-VIS-NIR SPECTRAL ANALYSIS 

 Figure 3.16 shows the UV-Vis-NIR transmittance spectra recorded 

for all the four crystals grown in the present study. It is found that the glycine 

doping leads to an increase of optical transmittance in the UV region  

(~ 220 – 400 nm).  Although glycine doped SFD crystals have the better 

crystalline perfection (indicated by the sharp peaks in the PXRD patterns 

figure 3.1 and symmetric peak in the HRXRD curve figure 3.4) compared to 

that of pure SFD crystal, the lower cut off wavelength (~ 220 nm) is not 

altered due to doping but the transmittance is increased. Higher transmittance 

with lower cut off wavelength is a desired property for an NLO material to 

exhibit SHG efficiency. Results obtained in the present study indicate that all 

the crystals grown can be considered as suitable material for optoelectronics 

as well as NLO applications. Moreover, it is found that glycine doping tunes 

the optical absorption and reflection properties of SFD crystal in a better way. 

 

Figure 3.16 UV-Vis-NIR transmittance spectra observed for the grown 
crystals 
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absorption edge (observed to be more than 239 nm) is shifted significantly to 

the higher wavelength side (red shift) due to EB irradiation. Moreover, for all 

the four doses, the transmittance percentage is increased significantly when 

compared to that observed for the non-irradiated crystals. Further, the 

transparency range of the crystal is found to be from 380 to 1100 nm, which is 

an advantage for the NLO applications, due to apparent non-absorbance in the 

visible NIR region, where it will be useful in the SHG and self frequency 

doubling of the 1064 nm laser. 

The EB irradiated crystals show more absorption in the wavelength 

region 200-300 nm when compared with non-irradiated crystals. Formation of 

absorption band with higher intensity in the EB irradiated crystal is due to 

color centers introduced into the irradiated crystal layers. Vacancies produced 

by irradiation traps one or two electrons into it and become F-center.  This is a 

common phenomenon taking place in the EB irradiated crystals. 

 

Figure 3.17 (a) UV-Vis-NIR transmittance spectrum of EB (a1, a2, a3 
and a4 are 1, 10, 50 and 100 respectively) irradiated SFD-
Pure crystals 
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Figure 3.17 (b) UV-Vis-NIR transmittance spectrum of EB (b1, b2, b3 
and b4 are 1, 10, 50 and 100 respectively) irradiated SFD-
Pure crystals 

 

Figure 3.17 (c) UV-Vis-NIR transmittance spectrum of EB (c1, c2, c3 
and c4 are 1, 10, 50 and 100 respectively) irradiated SFD-
Pure crystals 
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3.10   SECOND HARMONIC GENERATION MEASUREMENT 

 The observed SHG efficiency is shown in figure 3.18. The SHG 

efficiency of doped SFD-0.05G is high compared to SFD-Pure and SFD-

0.005G crystal. Sr2+ ions that occupy interstitial position interact with N and O 

atoms (which are present in glycine) and increase the electronic 

delocalization. Due to this electronic delocalization, SFD-0.05G crystal shows 

high SHG efficiency. Moreover the contribution to polarization (dipolar and 

electronic polarization) is high for SFD-0.05G crystal compared to SFD-Pure.  

 Also the glycine has zwitter ion i.e. H2N and COOH group, which 

exhibit more dipole moment because of the presence of polar amino group. 

SFD-Pure and SFD-0.005G crystal shows low SHG efficiency because the 

crystalline perfection was low compared to SFD-0.05G. The presence of grain 

boundaries in SFD-Pure and SFD-0.005G leads to scattering process therefore 

the output intensity decreases. Thus, it can be understood that glycine doping 

enhances the SHG efficiency of the SFD crystal.  

 

Figure 3.18 SHG efficiency of the pure and glycine doped SFD crystals 
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 The SHG efficiencies observed for the EB irradiated crystals are 

compared with non-irradiated crystals in Figure 3.19. It can be noted that the 

EB irradiation increases significantly the SHG efficiency. This can be 

attributed to the stress introduced by the EB irradiation. Moreover, a second 

order effect requires favorable alignment of the molecule within the crystal 

structure which is expected to be facilitated by irradiation (Mate et al. 2014). 

In the case of SFD-Pure, the SHG efficiency increases with increase in EB 

irradiation dosage. However, in the case of glycine doped crystals (SFD-

0.005G and SFD-0.05G), the SHG efficiency increase at 1 kGy. Further it 

decreases with the increase of EB irradiation dose due to the decomposition of 

dopant molecules. At lower dosage (1 kGy) of EB irradiation the glycine 

molecules get readjusted in their interstitial positions and increase the SHG 

efficiency.  

 

Figure 3.19 SHG efficiency of EB irradiated pure and glycine doped 
SFD crystals 
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 However, further increase in the irradiation dosage (10, 50 and 100 

kGy) results in decomposition of the glycine molecules due to self annealing. 

This leads to a decrease in the SHG efficiency. However, it is higher than that 

for non-irradiated crystals. Results of optical transmission and SHG efficiency 

measurements indicate that the EB irradiated crystals would find more utility 

than the non-irradiated crystals in photonic devices. 

3.11  MICROHARDNESS MEASUREMENT 

 Variation of hardness number (HV) with load (P) observed in the 

present study for all the three pure and glycine doped SFD crystals are shown 

in Figure 3.20 (a). The HV value increases with the increase in load up to 100 

g for all the three crystals considered. Above 100 g cracks start developing 

which may be due to the release of internal stress generation with indentation. 

Moreover, the glycine doping significantly decreases the HV value for all the 

three loads considered (25, 50 and 100 g). The Meyer’s law can be expressed 

as: 

 ndKP 1                             (3.7) 

 Here, K1 is the material constant. Combination of Equations (2.1) 

and (3.7) leads to: 

 
 

 nn
V bPH /2                (3.8) 

 Here, b=1.8544K1
(1+2/n), a new constant. Equation (3.8) indicates 

that HV should increase with the load if n>2.The log P versus log d plots 

(shown in Figure 3.20(b) obtained in the present study are found to the nearly 

linear. The work hardening coefficients (n) estimated from the slopes of the 

best fitted straight lines of log P versus log d curves are given. From the 
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figure the observed values of SFD-Pure, SFD-0.005G and SFD-0.05G are 

2.73, 3.18 and 5.52 respectively. In SFD-Pure, the electrostatic force between 

Sr2+ and COO- (which is present in SFD-Pure as well as glycine) ions increase 

and the ionic sites come closer and increase the strength of the crystal lattice.  

Also it is clear from the high resolution X-ray diffracted curves that 

SFD-0.05G crystal has low FWHM. Figure 3.4(b) indicating less number of 

point defects with good crystal lattice elasticity when compared to that of 

SFD-Pure crystal (Figure 3.4(a)). The ‘n’ values observed for all the three 

crystals are all more than 1.6 indicating that all the crystals grown in the 

present study belong to the soft materials category. The experimental results 

obtained in the present study are in accordance with the theory and, thus, 

follow the normal indentation size effect trend. 

 

Figure 3.20 (a) Variation of hardness number with load and (b) log P 
versus log d plot for the pure and glycine doped SFD 
crystals 
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formed on the surface due to EB irradiation. Similar observation is found in 

the case of work hardening coefficient (n),  estimated from the slope of the 

best fitted straight lines of log P versus log d curves are shown in the  

Figure 3.21(b).  

 The n values obtained for different irradiation doses are 3.32, 3.13, 

2.23 and 3.9 respectively for 1, 10, 50 and 100 kGy. These values are 

significantly less than that observed for non-irradiated SFD-0.05G crystals 

(5.52). However, the n values observed for all the four EB irradiated crystals 

are all more than 1.6 indicating that EB irradiation does not change the SFD-

0.05G crystal from soft to hard category. Moreover, the lack of glycine 

molecule (decomposed during EB irradiation) leads to decrease in the 

hardness value compared to non-irradiated SFD-0.05G crystal. 

 

Figure 3.21 (a) Variation of hardness number with load and (b) log P 
versus log d plot for the pure and glycine doped SFD 
crystals. 

3.12  ELECTRICAL PROPERTIES 

  The dc values obtained for the pure and glycine doped SFD 

crystals along a-, b- and c- directions are shown in Figure 3.22. The 

temperature range for the measurement was fixed by considering the thermal 
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stability of the grown crystals. The dc values are found to increase with the 

increase in temperature for all the three crystals and along all the three 

directions considered. This shows that the crystals grown in the present study 

are dielectric materials exhibiting the normal dielectric behavior. So, the 

defect concentration will increase exponentially with temperature and, 

consequently, the electrical conduction will also increase. 

 The directional behavior of DC electrical conductivity observed in 

the present study can be stated as follows. For the SFD-Pure dc (along b-

direction) > dc (along c-direction)> dc (along a-direction); SFD-0.005G 

crystals, dc (along b-direction) > dc (along a-direction)> dc (along c-

direction); and for the SFD-0.05G crystal, dc (along a-direction)> dc (along c-

direction)> dc (along b-direction). Similarly, the impurity concentration 

dependence observed can be stated as follows. Along a-direction, dc (for 

SFD-0.005G crystal)> dc (for SFD-Pure crystal)> dc (for SFD-0.05G crystal); 

and along b- and c-directions, dc (for SFD-Pure crystal)> dc (for SFD-

0.005G crystal)> dc (for SFD-0.05G crystal). 

 Figure 3.23 shows the AC electrical conductivity of the non-

irradiated pure and glycine doped SFD crystals (pelletized) with the frequency 

range of 1Hz – 6 MHz.  The DC and AC electrical conductivity of the grown 

crystals were in the order of 10-9 S/cm. Electrical conductivity of hydrogen 

bonded crystals like NiSO4.7H2O, KH2PO4 and NH4H2PO4 has been 

understood as due to the proton transport within the frame work of hydrogen 

bonds (Meena & Mahadevan 2008; Dhanuskodi et al. 2003). Increase in 

temperature of the crystal leads to the possibility of weakening of the 

hydrogen bonding system due to rotation of the hydroxyl ions in water 

molecules which results in an enhanced conduction. 
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 The electrical conduction in SFD can also be considered to be 

protonic and mainly due to the water molecules and formate ions. The proton 

transport depends on the generation of L-defects (vacant hydrogen bonds). 

The increase of conductivity with the increase in temperature observed in the 

present study for the pure and glycine added SFD crystals can be understood 

as due to the temperature dependence of the proton transport. Moreover, the 

conductivity increases smoothly through the temperature range considered. 

Glycine is considered to be a simple organic substance and is expected to 

occupy mainly the interstitial positions. In addition to occupying the 

interstitials, in the SFD crystal matrix, the glycine molecules may replace the 

water molecules and ions (Sr2+ and COO ) to some extent creating a 

disturbance in the hydrogen bonding system. This disturbance may cause the 

conductivity to vary nonlinearly with the impurity concentration. 

 

Figure 3.22 Variation of dc with temperature observed for the pure and 
glycine doped SFD crystals 
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Figure 3.23 Variation of ac with temperature observed for SFD-Pure, 
SFD-0.005G, SFD-0.05G and SFD-0.1G crystal 

 Figure 3.24 (a, b & c) shows the AC electrical conductivity of the 

EB irradiated pure and glycine doped SFD crystals in the frequency range of  

(1 Hz to 6 MHz) at different temperatures (30 to 65 °C). The crystals were 

irradiated with 8 MeV electron beam at a distance of 30 cm. The incident 8 

MeV electron beam has a range in the crystal. This shows that the changes 

produced are strung out on the electronic energy loss. Under EB irradiation 

with high electronic energy loss in various solids, new radiation effects 

and processes have been observed (Trautmann et al. 1993; Balanzat et al. 

1994). By strong electron phonon coupling they lead to local heating 

(thermal spikes) with subsequent phase transitions, defect creation, and 

defect aggregation in the excited region of the heavy E B irradiation track 
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(Schwartz 1996). Along the latent tracks the material suffers 

amorphization because of which its properties are affected. The irradiation 

also enhances the role of defects in altering material properties. The 

electrons and holes created by irradiation are largely separated and are then 

trapped at lattice point defects, stoichiometric defects, impurities and at 

grain boundaries. It is well known that the grain boundaries offer the site 

for the trapped charges as they offer high resistance to movement of 

charges.  

 

Figure 3.24 (a) Variation of ac with temperature observed for SFD-
Pure crystal with different dosage (1, 10, 50 and 100 kGy) of 
EB irradiation 
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 SFD crystal crystallizes in the orthorhombic crystal system with 

space group P212121.The crystal structure comprises of a strontium cation 

and formate anion. Moreover it has water molecules. The formate anion and 

glycine molecule configures strong asymmetric O-H…O and N-H…O 

hydrogen bonds with the SFD crystals.  The open hydrogen bonded 

network accommodates the glycine and Sr2+ necessary to preserve the 

charge neutrality. As the temperature increases, there is no much change in 

conductivity for the non-irradiated crystals. But for the irradiated samples a 

drastic increase in conductivity with increase in temperature was observed. 

This may be because the term contributing to the dielectric constant from the 

ion-dipole interactions is increased by the creation of defects by irradiation 

and by increase in temperature.  Moreover ionic migration takes place at 

high temperatures in the low frequency regime and hence increases the 

dielectric constant value by the creation of space charge layers 

(Suthanthiraraj et al. 1984).  The conductivity increases in comparison with 

the non-irradiated crystals at all temperatures.   

 In this case also the effect of 8 MeV EB irradiation is more 

pronounced. The increase in conductivity is maximum at higher frequencies 

(4 MHz–6 MHz) and minimum at lower frequencies (1Hz-3MHz). After 

irradiation, the conductivity increases in the case of irradiated crystals owing 

to the fact that more defects are created on irradiation and hence the 

conductivity (which is predominantly due to the increase in movement of 

defects) increases (Aithal et al. 1997). 
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Figure 3.24 (b) Variation of ac with temperature observed for SFD-
0.005G crystal with different dosage (1, 10, 50 and 100 kGy) 
of EB irradiation 

 

 

 



108 

 

 

Figure 3.24 (c) Variation of ac with temperature observed for SFD-0.05G 
crystal with different dosage (1, 10, 50 and 100 kGy) of EB 
irradiation 

3.13  CONCLUSION 

 Pure and glycine doped SFD single crystals were grown and 

characterized chemically, structurally, thermally, optically mechanically and 

electrically. The PXRD, HRXRD, FTIR spectral, Raman spectral, elemental 

and thermogravimetric analyses indicate that the glycine molecules have 

entered into the SFD crystal matrix. The grown crystals are found to be 

thermally stable at least up to 72 °C and have less than two water molecules. 

The thermal decomposition could also be understood properly.  All the four 

crystals grown by the free evaporation method are found to be transparent in 

the wavelength range 220 – 1200 nm, NLO active and mechanically soft.  The 

present study indicates that doping SFD with glycine leads to significant 
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tuning in optical transmittance, SHG efficiency, microhardness and electrical 

conductivity. So, glycine addition leads SFD to become a potential material 

useful in photonics.  

 The effect of electron beam irradiation on stability and SHG 

efficiency of pure and glycine doped SFD crystal shows interesting results. 

Results obtained through PXRD, FTIR, SEM and TG/DTA conclusively 

show that EB irradiation of SFD leads to formation of SrCO3 by the 

interaction of reactive species such as OH radicals and ozone generated by 

electron beam interaction with moisture and oxygen. SEM analysis revealed 

that when irradiation dosage increases the concentration of second phase also 

increases (bright bands) due to electron-induced radiolysis of air and 

moisture. HRXRD result clearly indicates that the increase in EB dosage 

results in more imperfections in the crystal. Due to heat generation during EB 

irradiation at higher dosage, crystal becomes amorphizized in nature. 

Conductivity ( ac) strongly depends on frequency and temperature for all 

crystals. At high frequencies, the conductivity increases for irradiated and 

non-irradiated crystals. Also, conductivity increase with increasing fluence 

of electron beam irradiation for all crystals. After irradiation, the 

conductivity increases in the case of irradiated crystals owing to the fact 

that more defects are created on irradiation and hence the conductivity 

(which is predominantly due to the increase in movement of defects) 

increases. In this case also the effect of 8 MeV EB irradiation is more 

pronounced. Results of optical transmission and SHG efficiency 

measurements indicate that optical transmittance and SHG efficiency increase 

with EB irradiation and the EB irradiated crystals would find more utility than 

the non-irradiated crystals in photonic devices.  
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CHAPTER 4 

UREA DOPED STRONTIUM FORMATE DIHYDRATE 

SINGLE CRYSTALS 

 

 In general, investigations on amino acids doped organic and semi-

organic crystals are fascinating research, due to their hydrogen bonds and as 

they contain proton donor carbonyl group  (-COOH) and the proton acceptor 

amino group (-NH2) group. Also, the dipolar nature of amino acid has 

substantial properties which make them supreme candidate for NLO 

applications. Even though urea is not an amino acid it has the properties of 

amino acids; it contains deprotonated imido group and protonated amino 

group. This gives rise to the zwitterionic nature of the molecule which is 

expected to favor nonlinear optical behavior. In particular, urea doped crystals 

attract the attention of the theoreticians and experimentalists due to their 

nonlinear optical and piezoelectric properties. They are potentially useful 

materials for frequency doubling in UV-Vis and near IR region and have very 

high laser damage threshold. If urea is added to SFD crystal, it has the ability 

to modify the network of hydrogen bonds. Urea is a simple organic molecule 

and, if doped with SFD, it is expected to occupy the interstitial positions of 

the SFD crystal matrix which may, in turn, lead to distinctive changes in the 

physico-chemical properties of the SFD crystal.  

 Based on this, we have attempted to grow urea doped strontium 

formate dihydrate single crystals. No earlier reports are available for this 

system in the literature. In this chapter we are presenting the results obtained 

on urea doped SFD crystals. The results are discussed in detail. 
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 The urea doped SFD single crystals grown are found to be stable, 

transparent and colorless. The grown crystals hereafter, named as SFD-

0.005U means 0.005 M urea doped SFD; SFD-0.05U means 0.05 M urea 

doped SFD and SFD-0.1U means 0.1 M urea doped SFD crystals.  

4.1  ELEMENTAL ANALYSIS 

 Table 4.1 shows the results obtained from elemental analysis 

carried out to confirm the presence of nitrogen content in urea doped SFD 

crystals. Elemental analysis confirmed the entry of dopant molecule urea in 

the SFD crystal matrix. The concentration of nitrogen in the grown crystals 

was found to increase with urea concentration. However the concentration of 

nitrogen in the grown crystals is lower than the calculated value indicating 

that the amount of urea molecules entered into the SFD crystals was less than 

actually taken. 

Table 4.1 Nitrogen content in the grown crystals 

Crystal 
Nitrogen content (at %) 

Theoretical Experimental 
SFD-0.005U 0.11 0.09 
SFD-0.05U 1.16 0.92 
SFD-0.1U 2.33 1.81 

 

4.2  POWDER X-RAY DIFFRACTION ANALYSIS 

 Figure 4.1 shows the powder X-ray diffraction patterns of the urea 

doped SFD crystals (SFD-0.005U, SFD-0.05U and SFD-0.1U). The sharp 

peaks with high intensity observed reveal that the grown crystals are of high 

degree of crystallinity. Also, the crystallinity is found to increase with the 

increase in doping concentration. However, observation of no additional 
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peaks with significant intensity confirms the original orthorhombic structure 

without any lattice distortion. The presence of dopants in the parent crystal 

may produce lattice strain which leads to change in bond angle, unit cell 

parameters and intensity of the peaks. The small deviation of 2  values 

observed in the XRD patterns may be due to the incorporation of urea 

molecules in the SFD crystal matrix, leading to slight variation in the lattice 

parameters depending upon the concentration of the dopant added. The 

calculated lattice parameters are given in Table 4.2. The variation in lattice 

parameters observed may essentially be due to the incorporation of urea 

dopant in the SFD crystal matrix.  

 

Figure 4.1 PXRD patterns observed for the urea doped SFD crystals 
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Table 4.2 The observed lattice parameters of the grown crystals 

Crystal 
Lattice parameters 

V(Å3) a (Å) b (Å) c (Å) 

SFD-Pure 7.327 12.060 7.154 632.2 
SFD-0.005U 7.337 12.037 7.143 630.8 
SFD-0.05U 7.343 12.045 7.148 632.2 
SFD-0.1U 7.349 12.050 7.151 633.3 

 

4.3  HIGH RESOLUTION X-RAY DIFFRACTION ANALYSIS 

 The high resolution X-ray diffraction (HRXRD) patterns observed 

for the urea doped SFD single crystals grown in the present study is shown in 

Figure 4.2. The full width at half maximum (FWHM) of the main peaks are 

90, 126 and 66 arc sec for SFD-0.005U, SFD-0.05U and SFD-0.1U 

respectively. The entrapment of impurities (urea) or solvent molecules and 

also the thermal fluctuations during the growth process could be responsible 

for the formation of grain boundaries. As seen in the pattern for SFD-0.005U, 

it contains more than a single diffraction peak. The additional two peaks on 

the negative side of the main peak depict two internal structural grain 

boundaries. The solid line which follows well with the experimental points in 

the convoluted curve of three peaks using Lorentian fit. Further, an increase in 

the doping concentration leads to decrease of structural grain boundaries. The 

relatively very low FWHM values of the main peaks (126'' 9'' and 66'' 44'' arc 

sec for SFD-0.05U and SFD-0.1U respectively) are very close to that of the 

expected theoretical value from the dynamical theory of plane wave X-ray 

diffraction. This shows that the crystalline perfection of these crystals is 

reasonably good. The effect of such low angle boundaries may not be very 

significant in many application in phase matching, it is better to know these 
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minute defects regarding crystalline perfection. The broadness of diffraction 

curve (SFD-0.005U) with scattered intensity along the wings indicates that 

the crystal contains both vacancy and interstitial type of defects. There is a 

decrease of grain boundaries found in SFD-0.1U grown crystal. This indicates 

that the addition of urea molecules enter into the interstitial position of the 

SFD crystal matrix that leads to decrease the grain boundaries. So, it is 

understood that urea doping improves the crystalline perfection of the SFD 

crystal. 

 

  

Figure 4.2  HRXRD curves recorded for the urea doped SFD crystals 
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4.4  INFRARED SPECTRAL ANALYSIS 

 Figure 4.3 illustrates the FTIR spectra recorded for urea doped SFD 

crystals. The FTIR spectra of urea doped SFD crystals have a similar feature 

with that of the SFD-Pure crystal is shown in Figure 3.6 indicating that the 

crystals grown in the present study are basically SFD. In addition, these 

spectra show some low intensity peaks due to urea doping in the SFD crystal. 

The broad band observed at around 3363.3 cm-1 in all the three crystals 

indicates the presence of water molecules. The low intense peaks observed at 

3125.7, 3127.7 and 3127.1 cm-1 are attributed to the symmetric stretching 

vibration of –NH2 group of urea molecule.  

 The absorption band observed at around 2748.2 cm-1 is attributed to 

the stretching vibration of protonated amino (H3N+) group. The peak observed 

at around 2176.3 cm-1 can be attributed to the combination band of protonated 

amino and deprotonated imido group. The peaks observed at 2857.1, 2855.1 

and 2856.1 cm-1 are due to the stretching vibration of –CH group and the 

corresponding bending vibrations are observed at 716.5, 719.5 and  

754.1 cm-1.  

 The C=O stretching band is observed at around 1600.6 cm-1. The 

stretching vibrations found at 1365.4 cm-1 and 870 cm-1 are attributed 

respectively to the symmetrical and asymmetrical stretching of –COO group. 

The peak observed at around 643.2 cm-1 in all the three crystals can be 

attributed to the metal-oxygen bond. The observed result clearly indicates the 

presence of urea molecule in SFD crystal.   
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Figure 4.3 FTIR spectra observed for the urea doped SFD crystals 
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°C and 521.5 °C in the DTA curve. The third weight loss takes place in the 

0.1U doped SFD crystal may be due to decay leaving carbon as residue, 

which is confirmed by exothermic peak around at 680 °C.   

 In the case of pure and urea doped SFD crystal another endothermic 

peak was observed at 235.3 °C, 235 °C and 234.2 °C in the DTA curve (with 

no corresponding weight loss observed in the TG curve) due to the of -type 

to -type structural phase transition of the anhydrous strontium formate 

crystal. It is interesting to note that the number of water molecules present in 

SFD-0.005U. SFD-0.05U and SFD-0.1U crystal is 1.91, 1.92 and 1.89. 

However, this is significantly higher than that for SFD-Pure (1.66), SFD-

0.005G (1.59) and SFD-0.05G (1.76) crystals (as explained in sec.3.8). So, 

the thermal decomposition within the temperature range considered for the 

SFD-0.005U, SFD-0.05U and SFD-0.1U crystal can be represented by the 

following equation: 
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Figure 4.4 TG/DTA curves observed for the urea doped SFD crystals 

4.6  UV-VIS-NIR SPECTRAL ANALYSIS 

 Figure 4.5 shows the UV-Vis-NIR transmittance spectra recorded 
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for optoelectronic applications and second harmonic generation of Nd:YAG 
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laser and this suggest a nearly similar distribution of energies among the 

molecules. In addition, a small absorption peak was observed at around 300 

nm of pure as well as urea doped SFD crystal may be due to the n- * 

transition of formate group. From the UV-Vis analysis it is clear that there is 

an enhancement in the optical transmission (%) of urea doped SFD crystals 

than the pure SFD crystal.  

   

Figure 4.5 UV-Vis-NIR transmittance spectra and (a) and Expanded 
UV region (including that for SFD-Pure) for the urea doped 
SFD crystals (b) 
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defined and it shows the direction of the dislocation centre. After etching for 

50 s it shows the stepwise growth of the crystals. Moreover, when the etching 

time increases the size of the etch pits gets enlarged in all the three crystals. 

Due to the attachment of impurities in into the SFD crystal lattice, the overall 

growth movement in the steps may become irregular. Some may be blocked, 

while others may move fast over the same surface area in the same direction. 

This will happen when the average distance between the impurities is less 

than two times the radius  of the two dimensional critical nucleus. From the 

etching study, it is confirmed that the crystal has layered growth with 2D 

nucleation mechanism and it has less dislocations as seen in figure 4.6c 

(Rajalakshmi et al. 2011). 

 

Figure 4.6 (Continued) 
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Figure 4.6 Micrographs obtained through chemical etching study for 
the (a) SFD-0.005U, (b) SFD-0.05U and (c) SFD-0.1U 

 

4.8  SECOND HARMONIC GENERATION EFFICIENCY 

MEASUREMENT  

 The SHG efficiency of urea doped SFD crystals was shown in the 

Figure 4.7. The increase in the SHG efficiency is due to the presence of 

appropriate terminal electron donor and acceptor groups, responsible for the 

enhancement of asymmetric electron distributions. The delocalization of 

electronic charge distribution leads to a high mobility of the electron density. 

The appropriate electron donor and acceptor groups can enhance the 

symmetric electronic distribution. Moreover, as in the case of glycine doped 
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SFD crystal, the Sr2+ ions interact with N and O atoms of urea molecules 

occupying the interstitial positions and increase the electronic delocalization. 

Also, it has zwitter ion protonated amido and deprotonated imido group which 

exhibit more dipole moment. Thus, it can be understood that urea doping 

enhances the SHG efficiency on the SFD crystal compared to glycine doping. 

Hence, such foreign (urea) molecules existing in the parent (SFD) crystal 

usually help to enhance the physical properties and optical nonlinearity, 

making the crystal more suitable for optoelectronic applications 

 

Figure 4.7 SHG efficiencies observed for the pure and urea doped SFD   
crystals 

4.9 MICROHARDNESS MEASUREMENT 

 The hardness is one of the significant mechanical properties to 

determine the plastic nature and strength of a material. Figure 4.8(a) 

illustrates the relationship between the hardness number (HV) and load (P). It 

is observed that hardness number increases with increase of load for all the 

crystals studied. When load increases a few surface layers are penetrated 
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initially and then inner surface layer are penetrated by the indenter with 

increase in load. This increase hardness number in the doped crystal can be 

attributed to the incorporation of impurity (urea) in the lattice of SFD crystal. 

The addition of urea in the SFD crystal lattice most probably enhances the 

strength of bonding, leads to increase the hardness number. Moreover, 

increase in hardness number due to overall effect on the surface and inner 

layers of the crystals (Gupta et al. 2011). The electrostatic force of attraction 

between Sr2+ and deprotonated imido ions is less and the ionic sites are far 

away when compared to glycine doped SFD crystals. Significantly this will 

decrease the strength of the crystal lattice leads to decrease the hardness 

number. 

 

Figure 4.8 (a) Variation of hardness number with load and (b) log P 
versus log d plot for urea doped SFD crystals. 

 Beyond 50 g it shows the variation and significant cracks occur 

around the indention mark, which may be due to the release of internal stress 

generated locally by the indention. Figure 4.8(b) shows the plot of log P 

versus log d, the value of the work hardening coefficient ‘n’ is found to be 

1.29, 1.38 and 1.91 for 0.005U, 0.05U and 0.1U respectively. This is due to 

lower (0.005U and 0.05U) concentrations of urea and hence the rate of 

adsorption of urea immobile impurity particles in the SFD crystal matrix may 
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be small in comparison with the rate of deposition of growth entities in the 

0.1U doped SFD crystal. The ‘n’ values observed for 0.005U and 0.05U 

crystals are less than 1.6 indicating that the crystals grown in the present study 

belong to the hard materials category (Mukerji & Kar 1999). But when we 

increase the dopant concentration to 0.1M the ‘n’ value increases significantly 

and make the crystals belonging to soft material category. Hence, it is 

concluded the urea doping in the SFD makes the crystal hard materials as well 

as soft materials. 

4.10  ELECTRICAL PROPERTIES 

  Electrical conductivity measurement is the most predominant sign 

in the relationship of macroscopic representation to the microscopic 

movement of ions and protons in the crystal lattice. The water molecules 

present in the dielectric crystal play a vital role on the electrical properties 

near the freezing point and it is essentially due to the disorder arrangement of 

water molecules in the crystal. Below this temperature, proton conductivity 

dominates and the electrical conductivity is mainly due to the protons and 

takes place according to the Grotthuss mechanism of proton transport 

(Grotthuss & Ann 1806). 

  AC electrical conductivities have been measured with various 

frequencies in the range 1 Hz – 6 MHz and at various temperatures in the 

range 30 - 70 °C. As shown in the Figure 4.9, ac value increases with the 

increase in both temperature and frequency of the applied AC electrical field 

which is a normal dielectric behavior.  The increase in conductivity may be 

due to the increase in the concentration of mobile charge carriers due to the 

dissociation of water into (H+ and OH-) molecules present in the grown 

crystal. This type of conduction is known as protonic conduction (Jonscher 

1977). The urea doped SFD crystals exhibit higher conductivity than the pure 

SFD crystal as in the Figure 4.10, due to the presence of protons which leads 
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to forming the intermolecular hydrogen bonding between the SFD and urea 

molecules. When the temperature increases the mobility of ions and protons 

increases and at certain temperature leads to increase the conductivity of the 

crystals. Thus, as SFD crystal is hydrogen bonded crystal (although we have 

used pelletized samples in the present study), the conduction process in the 

case of pure and urea doped SFD crystals can be explained as due to the 

proton transport. 

 

Figure 4.9 Variation of AC electrical conductivity with frequency as 
well as temperature for the pure and urea doped SFD 
crystals  
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4.11  CONCLUSION 

 The urea doped SFD single crystals were grown by slow solvent 

evaporation technique. The grown crystals were characterized, chemically, 

structurally, thermally, optically and mechanically. The PXRD, HRXRD, 

FTIR spectral, elemental and thermogravimetric analysis indicates that the 

urea molecules have entered into a SFD crystal matrix. The grown crystals 

were transparent and colorless with well defined external appearance. The 

UV-Vis-NIR transmittance spectra show that the grown crystals have good 

optical transmittance in the entire visible-NIR region. The powder SHG test 

confirms the NLO property of the urea doped SFD crystal. The appearance of 

well defined etches pits shows that the grown crystals were affected by 

selective type of dislocations. Results of AC electrical conductivity 

measurement carried out on all the pure and urea doped crystals (pelletized) 

show that the conductivity increases with the increase in frequency as well as 

temperature and also on urea doping. The electrical conduction in pure and 

urea doped SFD crystals could be explained as due to the proton transport. 

Thus, the results of the present study indicate that the crystals grown in the 

present study are expected to be useful in optoelectronic devices.  
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CHAPTER 5 

SUMMARY AND CONCLUSION 

 

5.1 SUMMARY OF THE RESEARCH WORK 

 In the recent past, there has been considerable interest in the 

development of new materials with excellent optical nonlinearities, because of 

their potential use in application areas including telecommunication, optical 

computing, optical data storage and optical information processing. Recent 

studies showed the organic and inorganic materials have great scope for 

technological applications. This has prompted researchers to search for newer 

promising materials. Organic materials in general possess low transformation 

temperature, good optical transparency and minimized density driven 

convection effects and they have made tremendous progress in the areas of 

nonlinear optics (NLO), surface acoustic wave (SAW) devices, modulators, 

holography, optical ICs, etc. Inorganic materials generally have good thermal 

stability, mechanical stability and good sized crystals can be grown. The 

suitability of nonlinear optical crystals may be attributed to their large electro-

optic coefficient, low frequency dispersion, high non-linearity and low 

dielectric constant. As a result of these reasons, there is a considerable interest 

in the synthesis of new materials. 

 The recent research on effective nonlinear optical (NLO) materials 

reveals that semiorganic crystals are valuable and applicable materials for 

potential applications in high power lasers. Efforts were taken to grow these 
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crystals with suitable solvents by slow solvent evaporation technique. In the 

present work, we have successfully grown strontium formate dihydrate  

crystals and have studied the effect of doping (with glycine and urea 

separately) and electron beam (8 MeV) irradiation on the physico-chemical 

properties of SFD. For the growth of pure and doped SFD crystals, millipore 

distilled water was used as the solvent. Repeated recrystallization was 

performed, so that the grown crystals are free from defects. The growth 

conditions have been optimized for all the grown crystals studied in the 

present work. 

 The grown crystals were subjected to various characterization 

techniques in order to assess the properties of the crystal. The structural 

details of the crystals were studied by PXRD and HXRD. The composition of 

the crystal was determined by using spectral studies and CHNS (elemental) 

analysis. To know the functional group present in the grown pure and doped 

SFD crystals FTIR and FT-Raman studies were performed.  UV-Vis-NIR 

analysis study was used for the determination of the optical quality of the 

crystal. The thermal analysis was performed to study the thermal stability of 

the grown crystals. Vickers microhardness study was performed in order to 

evaluate the hardness of the crystals. The electrical conductivity studies were 

performed to know the conductivity of the crystal with varying frequency and 

temperature. The morphology of the grown crystals was analyzed by chemical 

etching at different periods and the morphology of the crystal surface were 

studied by scanning electron microscopy. In order to check the non-linear 

optical properties of the crystal the second harmonic generation efficiency 

studies were performed. The electron beam irradiation was performed on the 

grown pure and glycine doped SFD crystals to understand the effect on the 

physico-chemical property of the crystals.   
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5.2 CONCLUSION 

 Pure and doped (glycine and urea) strontium formate dihydrate 

crystals are grown by slow evaporation method. The crystals grown were 

characterized by elemental analysis, powder X-ray diffraction (PXRD), high 

resolution X-ray diffraction (HRXRD), FT-IR, UV-Vis, FT-Raman spectral 

analyses, microhardness, SHG efficiency measurements and electrical 

conductivity studies. The PXRD, HRXRD, FTIR spectral, elemental and 

thermogravimetric analyses indicate that the doped molecules have entered 

into the SFD crystal matrix.  The grown crystals are found to be thermally 

stable up to 72 °C and have less than two water molecules. Different stages of 

thermal decomposition of the crystal were determined and discussed. All the 

crystals grown by free evaporation method are found to be transparent in the 

wavelength range 220 – 1200 nm. The crystals grown are NLO active and 

belong to soft material category. 

 The present study indicates that doping SFD with (glycine and 

urea) leads to significant tuning in optical transmittance, SHG efficiency and 

microhardness. So, glycine and urea addition leads SFD to become a potential 

material useful in optical applications. 

 The effect of electron beam irradiation on stability and SHG 

efficiency of pure and glycine doped SFD crystal showed interesting results. 

Results obtained through PXRD, FTIR, SEM and TG/DTA conclusively 

show that electron beam irradiation of SFD leads to formation of SrCO3 by 

the interaction of reactive species such as OH radicals and ozone generated by 

electron beam interaction with moisture and oxygen present in the 

environment of the crystal. SEM analysis revealed that when irradiation 

dosage was increased the concentration of second phase also increased (bright 

bands) due to electron induced radiolysis of air and moisture. HRXRD result 

clearly indicated that the increase in EB dosage results in more imperfections 
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in the crystal. Due to heat generation during EB irradiation at higher dosage, 

crystal becomes amorphizized in nature.  

 Results of optical transmission and SHG efficiency measurements 

indicate that optical transmittance and SHG efficiency increase with EB 

irradiation and the EB irradiated crystals would find more utility than the non-

irradiated crystals in optical applications.  

5.3 SCOPE OF THE FUTURE WORK 

 It is possible to grow bulk size crystals of pure and doped strontium 

formate dihydrate single crystals with improved optical quality by carefully 

adopting either the slow evaporation method or by some innovative 

techniques with modified apparatus. 

 The study may be extended to know about the effect of electron 

beam irradiation on urea doped strontium formate dihydrate crystals. 

 Laser damage threshold and phase matching studies can be 

extended to all the crystal systems considered in the present study. This may 

throw light on the effective use of these materials for photonic devices. 
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