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ABSTRACT 

 The growth of good quality single crystals has been more focused 

due to their applications in emerging technologies. In that way, the main 

objectives of the work presented in this thesis is to grow some semi-organic 

single crystals such as pure and amino acid (ʟ-histidine, ʟ-citrulline and ʟ-

aspartic acid) doped potassium hydrogen (acid) phthalate in three different 

concentrations, sodium hydrogen (acid) phthalate, mixed potassium sodium 

phthalate and anhydrous sodium formate single crystals. The crystals were 

grown by simple solution grown solvent evaporation method. The alkali metal 

acid phthalate and metal formate crystals are highly recognized due to their 

excellent optical and electrical properties.   

 The physico-chemical properties of potassium acid phthalate single 

crystals with amino acid as an additive showed that the addition of dopant 

increases the transmittance from 57 % (KAP) to 91 % (HH-KAP) and SHG 

efficiency from 0.82 (KAP) to 1.17 (HH-KAP) in KDP units. The thermal and 

mechanical stability of all the grown crystals were found. The dielectric 

studies showed that all the crystals possess normal dielectric behavior. 

 The characterization of sodium acid phthalate single crystal was 

discussed and the crystal showed 65 % transmittance in the entire visible and 

NIR region from 300 nm. The SHG efficiency of the grown crystal was 

observed to be 0.9 times that of KDP. The crystal was thermally stable up to 
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113 ˚C. The microhardness measurements showed that the crystal exhibits 

reverse indentation size effect and the crystal belongs to the soft material 

category with the n value of 3.25. The dielectric properties of the crystal were 

determined.  

 The properties of mixed bimettalic (K and Na) phthalate single 

crystals were discussed. The mixed crystals were grown using two different 

precursors. From the two crystals, the best grown crystal was selected and 

subjected to characterization. The crystal was thermally stable up to 71 ˚C and 

it belongs to soft material with the n value of 2.26. Dielectric measurements 

indicate that NaKP crystal has high values of dielectric constant and dielectric 

loss factor. 

 The physico-chemical properties of anhydrous sodium formate 

single crystals were investigated. It crystallizes in the centrosymmetric crystal 

system. The NaF crystal shows third order non-linear optical property and the 

value of third order nonlinear susceptibility was found to be 4.6×10
-6

 (esu). 

The crystal was thermally stable up to 318 ˚C and it was mechanically stable 

with the n value of 2.68. 

 The details of the research work carried out in the present study are 

presented and discussed in the thesis.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 SINGLE CRYSTAL AND THEIR IMPORTANCE 

 Single crystals are the fundamental building blocks and pillars of 

modern technology. A crystal is defined as “a solid composed of atoms 

arranged in a periodic order in three dimensions without grain boundaries”. 

The growth of single crystals has a prominent role in the present era of rapid 

scientific and technical advancement. The application of crystals has 

unbounded limits notably in electronic industries, photonics industry and 

fibre-optic communications. Rapid improvement in solid state physics over 

past few decades was responsible for the growth of single crystals. There has 

been a growing interest in crystal growth process, particularly in view of the 

increasing demand of materials for technological applications (Brice 1986; 

Nalwa & Miyata 1996; Anis & Muley 2017).  

 The single crystals are used in a wide range of applications such as 

laser resonators, phase decay plates, polarizer, pyro-electric detectors, crystal 

X-ray monochromaters, scintillation detectors, holographic devices, 

membranes of iron selective electrodes and substrate for thin films, 

semiconductors, polarisers, infrared detectors, solid state lasers, nonlinear-

optic, piezo-electric, acousto-optic, photosensitive materials and crystalline 

thin films for micro electronics and computer industries. Crystals are the 

prime candidates for the fabrication of optoelectronic devices, high efficiency 

solar cells, fibre-optic communication and other electronic devices. Crystals 
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are also used in watches, computers, lasers and many other instruments. 

Therefore, the growth of single crystals and their characterization towards 

device fabrications are important in both basic and applied scientific research 

(Dave 2011). 

1.2 CLASSIFICATION OF MATERIALS 

 The materials used for crystal growth can be generally classified to 

three different types based on the elements present in the material. They are  

o Organic materials  

o Inorganic materials  

o Semi-organic materials 

 The interest on the growth of organic crystals is mainly due to its 

non-linear properties. The organic material was formed by weak hydrogen 

and Vander-Waals bonds hence it possess high degree of charge 

delocalization leading to large non-linear optical (NLO) coefficients. The 

origin of non-linearity in the organic material is due to the presence of 

delocalized π-electron system connecting a strong donor and acceptor groups 

with large dipole moment which enhance the asymmetric polarization and 

thus resulting in second and third harmonic generation. Organic derivatives 

have attracted considerable attention due to their large second-order optical 

non-linearity, modulation of laser reading, terahertz (THz) wave applications 

including THz detection and generations (Zhou et al. 2001; Matsukawa et al. 

2009; Matsukawa et al. 2014).  

 Organic crystals possess high optical non-linearity, high electronic 

susceptibility, fast response time and low dielectric constant. On the other 

hand, its low laser damage threshold, inability to grow large single crystals, 
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poor thermal and mechanical properties makes them poor candidates for 

device fabrication and industrial applications. 

 Inorganic materials are covalent and ionic bonded and it is easy to 

synthesize. The examples of this type of crystals are lithium niobate 

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

titanyl phosphate (KTiOPO4, KTP), potassium dihydrogen phosphate 

(KH2PO4, KDP), potassium deuterium phosphate (KDtP), ammonium 

dihydrogen phosphate (NH3PO4, ADP), lithium iodate (LiIO3) etc (Joshi & 

Antony 1977; Bolt & Bennema 1990; Zhang et al. 2001). 

 KDP is used as a base material to compare second harmonic 

generation and laser damage threshold values for all other crystals. Lithium 

niobate (LiNbO3) crystals are one of the most investigated materials for 

widespread and promising applications in non-linear optics (Arizmendi 2004). 

 In contradiction to the organic materials, the inorganic materials 

have good thermal and mechanical properties. On the other hand, it possesses 

poor optical transparency, low optical non-linearity and poor NLO response 

time. 

 Semi-organic crystals find considerable interest among researchers 

due to their high damage threshold, wide transparency range, excellent non-

linear optical coefficient, low angular sensitivity and exceptional mechanical 

properties (Xing et al. 1987; Eimerl et al. 1990; Gupte et al. 2002; Rajesh et 

al. 2004). The important asset of semi-organic crystals is that, it can be easily 

grown from aqueous solutions and they form three-dimensional crystals 

which can be easily cut and polished (Jiang & Fang 1999). The semi-organic 

materials are built from organic and inorganic complexes by the strong ionic 

bond (Bhat 1994). They are organic based materials in which the polarisable 

part of an organic molecule is stoichiometrically bonded with an inorganic 



4 

 

 

ion. The contribution from the delocalized electrons of the organic ligand 

results in increased non-linear optical and electro-optical behavior in the 

semi-organic materials. Growth of semi-organic single crystals has been a 

subject of continuous interest to use the materials for device application.  

Compared to pure organic or inorganic materials, hybrid organic-inorganic 

crystalline materials are relatively easy to grow and possess a large degree of 

chemical flexibility. In particular, hydrogen bonds may be used to construct 

molecular building blocks with structures that can be controlled in both one 

and two dimensions, giving rise to crystalline materials with large non-linear 

and electro-optical responses (Zyss et al. 1993; Muthuraman et al. 2001). The 

donor and acceptor groups provide the ground state charge asymmetry of the 

molecule, which is required for second order non-linearity. A wide range of 

chemical and physical approaches have been developed to achieve non-

centrosymmetric assemblies and optical second harmonic generation in hybrid 

organic-inorganic bulk materials (Lipscomb et al. 1981; Ramamurthy & 

Eaton 1994).  

 Some of the semi-organic crystals such as barium bis-

paranitrophenolate paranitrophenol (SHG efficiency 16 times greater than 

KDP) (Varjula et al. 2008), ʟ-tyrosine hydrochloride (SHG efficiency 15 

times greater than KDP) (Natarajan et al. 2008), thio semicarbazide cadmium 

chloride monohydrate (SHG efficiency 14 times higher than KDP) (Sankar et 

al. 2007), tetrathiourea mercury (II) tetrathiocyanato manganate (II) (SHG 

efficiency 12.46 times higher than KDP) (Rajarajan et al. 2007), ʟ-leucine 

hydrobromide (SHG efficiency 4.9 times greater than urea) (Adhikari & Kar 

2013), ʟ-histidine cadmium chloride monohydrate (SHG efficiency 3.5 times 

higher than KDP) (Chandrasekaran et al. 2012) are reported in the literature. 
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1.3 NON-LINEAR OPTICS 

 Non-linear optics is a part of physics and it deals with the 

interaction of electromagnetic field of light and non-linear optical material 

which results in the generation of new electromagnetic field with different 

phase, frequency or amplitude (Anwar 1988). Non-linear optical frequency 

conversion materials have significant impact on laser technology. Solid state 

lasers operate at discrete and tunable frequencies in the near infrared region 

(typically in the 0.65 to 2 μm range). However, significant portions of the 

spectrum are without direct laser coverage. To fill these gaps in the near-

ultraviolet, visible, near-infra-red and mid-infrared, scientists have turned to 

non-linear optical materials.  

 Many applications require frequencies that are not readily available 

from such laser sources. The most effective way of converting a fundamental 

laser frequency to other frequencies, either to higher or lower frequencies is 

harmonic generation in a NLO crystalline medium (Bhawalkar et al. 1965). 

The invention of the first laser in 1960 opened the gate way to the field of 

non-linear optics (Maiman 1960). 

 The Second Harmonic Generation (SHG) was observed by 

Franken in 1961 marked the birth of non-linear optics as a new discipline in 

the area of laser matter interaction. Franken observed that the light of 347.15 

nm could be generated when a quartz crystal was irradiated with light of 

694.3 nm obtained from a ruby laser. The generation of coherent blue light 

through second harmonic generation from near infrared laser sources is an 

important technological problem that has attracted much attention during the 

invention of NLO phenomenon by Franken et al. (1961). The coherent blue 

and green light are important for many applications such as signal processing, 

displaying and high-resolution printing. 
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 SHG is a non-linear optical process that results in the conversion of 

an input optical wave into an output wave of twice the input frequency. Such 

frequency doubling process is commonly used to produce green light (532 

nm) from the Nd:YAG laser (1064 nm). The light propagated through a 

crystal with a lack of center of symmetry, generates light at second and higher 

harmonics of the applied frequency. This important non-linear optical 

property of non-centrosymmetric crystals is called second harmonic 

generation (Chemla 2012). Materials in crystalline form have special optical 

properties due to its order arrangement. Materials with large non-linearities, 

short transparency cut-off wavelengths and with stable physicochemical 

properties are needed for these applications. It is a challenging task for a 

crystal growth researcher to grow bulk size crystals with high figure of merit 

and hence realize their applications for various fields.  

1.3.1  NLO crystals 

     The non-linear optical crystals are very important for laser 

frequency conversion. KDP crystal is widely used because it can be grown to 

larger sizes and also it has a higher laser damage threshold. KTP crystal is a 

useful non-linear optical crystal to get efficient green light by the frequency 

doubling of Nd:YAG laser. In recent years, there has been considerable 

progress in the development of coherent UV sources based on non-linear 

optical processes. For device and other application a NLO crystal is expected 

to have the following properties: 

  (i) High NLO coefficient  

  (ii) Wide phase matching angle  

  (iii) High laser damage threshold  

  (iv) Wide optical transparency range  
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  (v) High thermal, mechanical and chemical stability  

  (vi) Moderate birefringence  

  (vii) Low absorption and easy device fabrication 

1.4 CRYSTAL GROWTH METHODS 

 The quality, purity and defect free nature of crystals is a 

prerequisite for their technological application. Lot of basic science focuses 

the property of the crystal which depends on the production of high quality 

with reasonable size. The crystal growth methods have been developed over 

the years to meet the requirements of fundamental research and applications. 

The crystallization process is affected by many factors, including temperature, 

solute concentration, pH, solvent, impurities and additives (Edinger 1973; 

Cheong & Boon 2010).  

 The mode of selection of a particular technique of crystal growth 

depends on the characteristic properties of the materials such as melting point, 

vapour pressure, decomposition and solubility in solvents. The growth 

methods are also equally dependent on growth kinetics involved, crystal size, 

shape, purity and nature of the crystal. The growth of crystals can be 

considered to comprise three basic steps: 

o Achievement of supersaturation 

o Formation of crystal nuclei of microscopic size. 

o Successive growth of crystals to yield distinct faces. 

 The crystal growth techniques can be broadly classified as follows, 

of which in this thesis we focus on low temperature solution growth method 

only.  
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1.5 GROWTH FROM SOLUTION 

 Growth of crystals from aqueous solution is one of the ancient 

methods of crystal growth. It is a diffusion-controlled process. The medium 

must be viscous to faster transference of the growth units from the bulk 

solution by diffusion. Hence a solvent with less viscosity is preferable. 

Crystal growth from solution is a very important process that is used in many 

applications from the laboratory to the industrial scale (Ittyachan et al. 2003). 

It has its own significance due to its versatility and simplicity. In the area of 
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with temperature can be grown easily by solution method. In a solution 

growth technique, there are two methods such as solvent evaporation and 

slow cooling depending on the solvents and the solubility of the solute. It is 

one of the preferred methods of crystal growth due to the following reasons:  

o Design and construction of crystal growth apparatus is very 

simple. 

o Growth temperature close to the ambient temperature 

reduces the possibility of major thermal shocks. 

o Precise temperature control has an efficient control over the 

supersaturation. 

o Crystal quality will be very good with well developed 

growth habits. 

o Real time observations of growth process can be done to 

evaluate the growth parameters. 

 The major disadvantages of the solution growth method are the 

solvent inclusion into the growing crystal and much longer growth periods. 

These problems can be nullified by suitably choosing the solvent and 

controlling the growth parameters. In addition to other factors, the mechanism 

of crystallization from solution is governed, 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 (Chernov 1984). Based on these, two 

widely used solution growth methods are high temperature solution growth 

and low temperature solution growth. 

1.6 METAL ACID PHTHALATE 

 Crystals of alkali metal acid phthalate (MAP) derivatives are 

potential candidates for NLO and electro-optic processes. MAP crystals are 
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well known for their application in long wave X-ray spectrometers. These 

crystals crystallize as non-centrosymmetric or symmetric structures 

depending on the cation. The non-linearity in phthalate crystals originate from 

the contribution of polarisable aromatic rings of phthalate ions. The phthalate 

crystals are characterized by the presence of bonds of different types 

o Covalent (intramolecular) 

o Ionic (cation-anion) 

o Vander-Waals (between chains of anions) 

o Intermolecular hydrogen bonds (O-H····O)  

1.6.1  Potassium acid phthalate (KAP) crystals 

 From the alkali metal acid phthalate derivatives family, potassium 

acid phthalate (KAP) also called as potassium hydrogen phthalate, is an 

efficient non-linear optical material. The crystal structure of KAP was first 

reported by “Okaya (1965)” and the crystal belongs to the non-

centrosymmetric space group of P21ab. Hottenhuis et al. had studied the 

crystal structure and crystal morphology of the KAP crystal. They noticed the 

spiral growth on the KAP crystal surface (Hottenhuis et al. 1989). He also 

reported the relation between crystal structure and crystal morphology of the 

KAP crystal (Hottenhuis et al. 1988). Balamurugan et al. (2008) and Pandian 

et al. (2008) had studied the growth of KAP crystals by the 

Sankaranarayanan-Ramasamy (SR) method. 

 The effect of glycine on the growth, structural, optical, thermal, 

mechanical and dielectric studies on the KAP crystal was carried out by 

Baraniraj et al. (2011) and  the glycine addition enhances the mechanical and 

thermal property although there is no effect in the optical property 

(Sivakumar et al. 2012). The optical, thermal, dielectric and mechanical 

properties of the KAP crystals with the addition of amino acids such as         
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ʟ-alanine, glycine and ʟ-tyrosine were investigated by Kumaran et al. (2012). 

They have described that ʟ-tyrosine doped KAP crystal has high thermal 

stability. The optical, mechanical and dielectric properties were significantly 

improved by the glycine addition. Thilagavathy et al. (2014) concluded that 

the ʟ-lysine (with three different concentrations 0.5, 1 & 2 mole %) plays a 

significant role on the KAP crystal. Among them, 0.5 mole % addition 

significantly improves the optical and thermal properties. The optical and 

thermal properties of KAP crystals in the presence of ᴅʟ-alanine and ʟ-

methionine were investigated by Uthayarani et al. (2008). The ʟ-methionine 

doped KAP crystal has shown improved optical properties. Ferdousi et al. 

(2011) estimated the effect of ʟ-alanine on the structural, optical and thermal 

properties of KAP crystals and reported that the dopant significantly increases 

the optical and thermal properties. Prakash et al. (2015) reported the physical 

properties of amino acids like ʟ-arginine and ʟ-valine doped KAP crystals and 

declared that the ʟ-valine doped KAP crystal possess good optical and thermal 

properties but slightly decrease the mechanical stability of the crystal. 

 The effect of copper and zinc on the KAP single crystals was 

reported by Chithambaram et al. (2010). They have noticed that the UV 

transmittance cut-off wavelength was changed by the metal ion addition and it 

also enhances the optical properties of the crystal. Niraimathi et al. (2015) 

reported the effect of magnesium with three different concentrations (0.1, 0.2 

and 0.3 mole %) in the KAP crystal. In their investigation 0.3 mole % 

magnesium doped KAP crystals are suitable for device fabrication in non-

linear optical applications. They also reported the effect of copper in the KAP 

crystal. Optical properties and thermal and mechanical stability of the crystal 

due to Cu addition get increased (Niraimathi et al. 2015). The effect of 

magnesium “Thendral (2013)”, nickel (Prakash et al. 2015), strontium 

(Sajikumar et al. 2015) on the KAP crystal was also investigated and reported.  

The mechanical, thermal, optical and electrical properties have enhanced due 
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to the metal ion addition. The effect of divalent metal ion (Ba
2+

, Ca
2+

, Mg
2+

) 

and trivalent metal ion (Al
3+

, Cr
3+

, Fe
3+

) on the physical properties of KAP 

single crystals was reported by Kanchana et al. (2013). There is a slight 

decrease in the thermal stability of the crystal by the addition of divalent 

impurity. But in the case of trivalent impurity, the thermal stability gets 

increased. It significantly tuned the optical and mechanical properties by the 

addition of metal ions. Kumar et al. (2011) had reported the effect of Fe
3+

 on 

the properties of KAP. In this case, the transmittance gets increased by the 

doping but the SHG efficiency gets lowered. It may be due to the disturbance 

of charge transfer between the particles. The influence of sodium (Ramasamy 

et al. 2010) and zinc (II) (Parthiban et al. 2010) on the KAP crystal was 

studied. They reported that the SHG efficiency gets dramatically increased by 

heavy doping of sodium and zinc. The effect of alkaline earth (Mg) and 

transition (Hg) metal doping on KAP crystals was studied by 

Bhagavannarayana et al. (2009). The crystalline perfection gets decreased but 

the SHG efficiency gets increased by the addition of dopant. Vasudevan et al. 

(2009) investigated the effect of mercury and lead in the KAP crystal and 

reported that the optical transmittance, SHG efficiency and thermal stability 

got increased by the addition of dopant. Sudhakar et al. (2012; 2014) found 

the effect of yttrium and samarium on the structural, thermal, mechanical and 

optical properties of KAP single crystals. Both the dopants increased the 

hardness value and SHG efficiency. The effect of cerium on KAP crystals 

was studied by Kasthuri et al. (2010). The cerium deteriorates the crystalline 

perfection and doesn’t improve the NLO efficiency. Muthu et al. (2010) had 

found the properties of osmium doping on the KAP crystal and suggested that 

the addition of dopant increases the thermal stability but there has a decrease 

in SHG efficiency.   

 Bhagavannarayana et al. (2006) had studied the effect of 

ethylemediammine (EDTA) and 1,10-phenanthroline on the improvement of 
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crystalline perfection and SHG efficiency of the KAP crystals. The effect of 

1,10-phenanthroline on the physical properties of KAP crystal was also 

investigated by Meenakshisundaram et al. (2008). The thermal stability got 

increased but the SHG efficiency was decreased. Vasudevan et al. (2011) had 

investigated the effect of ammonium sulphate on the KAP crystals. They 

noticed an increase in the optical transmittance, but it does not influence on 

the thermal stability. Murugakoothan et al. (1999) had investigated the habit 

modification of KAP by KDP, urea and ʟ-arginine phosphate. The effect of 

anthracene on KAP crystals was studied by Meenakshisundaram et al. (2010). 

The dopant does not influence on the optical transmittance and thermal 

stability of the crystal but it improves the intensity of fluorescence emission 

and SHG efficiency. Enculescu (2009; 2010) had reported the effect of dye 

such as Rhodamine 6G and Coumarin 6 on the optical properties of KAP 

single crystals. The effect of crystal violet dye on the KAP single crystal was 

studied by Rao et al. (2016). The dopant increases the transmittance and 

emission intensity. The dye doped crystals have good laser stability. 

 From the reports available in the literature, it is clear that the 

dopant has a significant influence on the physico-chemical properties of KAP 

crystals. In most of the cases, the dopant increases the crystalline perfection, 

optical transmittance, thermal and mechanical stability of the KAP crystal. 

1.6.2  Sodium acid phthalate (NaAP) crystals 

 Sodium acid phthalate (NaAP) is also called as sodium hydrogen 

phthalate. “Smith (1975)” had reported the crystal structure of sodium acid 

phthalate hemihydrate. The crystal crystallizes in the orthorhombic system 

with space group B2ab and number of atoms in the unit cell (Z) is 8. The 

density of the crystal is 1.566 gcm
-1

. 
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 The optical properties of the NaAP crystal were investigated by 

Ganesh et al. (2005). The crystal was grown by the slow evaporation method 

at room temperature. They reported that the laser damage threshold of the 

crystal is 0.6847 Jcm
-2

 and the crystal has SHG efficiency of 1.1 times that of 

KDP and twice that of KAP. The dielectric and ferroelectric properties of the 

NaAP crystal was studied by Krishnan et al. (2008). The crystal was 

thermally stable up to 141.6 ˚C. The dielectric constant was 377 at 368 K, 355 

at 348 K and 315 at 388 K for 50 Hz. The activation energy was also 

calculated at various frequencies ranging from 100 Hz to 1 kHz and the 

activation energy varies from 0.113 to 0.132 randomly. In the ferroelectric 

measurement, when electric field is applied, domain switching occurs, leading 

to a gradual increase of polarization. When the field reaches maximum, 

almost single domain configuration is observed, this corresponds to the 

maximum polarization. Interestingly, when electric field decreases to zero, 

they observed the same multi-domain pattern as the original one. At the same 

time, the averaged macroscopic polarization becomes zero. Furthermore, the 

same is true for reverse electric field except that polarization changes to 

negative. Thus, they observed an interesting reversible domain-switching 

process during electric field cycling. It corresponds well to the peculiar 

double P–E hysteresis loop, which is contrasting with the well-known normal 

hysteresis loop. 

 The large size crystal of NaAP grown by the unidirectional 

Sankaranarayanan-Ramasamy (SR) method was done by Senthil et al. and 

characterized by different methods such as high resolution X-ray diffraction, 

UV-Vis spectrum, microhardness, etching, laser damage threshold and 

dielectric studies. The crystalline perfection of the crystal grown by two 

different methods (slow evaporation method and SR method) was studied by 

HRXRD rocking curve. SR method grown crystal has greater crystalline 

perfection (14 arc sec) than the conventional grown crystal (23 arc sec) as the 
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full width half maximum (FWHM) was much lesser for the former one. The 

transmittance of the SR grown crystal was 3% higher than the normal grown 

crystal. The mechanical stability was also high for the SR grown crystal 

(Senthil & Ramasamy 2009; Senthil et al. 2011).  

 The effect of dopant such as Fe
3+

 and zinc on the characteristics of 

NaAP crystal was studied by Goel et al. (2012; 2013). They reported that the 

Fe
3+

 crystal exhibit absorption band at 370 nm in UV-region with increased 

transmittance in the entire visible region. So the doped crystal has good 

potential for holographic data storage applications. The SHG efficiency of the 

doped crystal was increased twice as the pure crystal. The thermal stability of 

the doped crystal was also increased. In the case of zinc doping, they reported 

that the morphology of the crystal was changed from hexagonal to pentagon 

with increased quality. The thermal stability and optical properties of the 

doped crystal got increased compared to the pure NaAP crystal.  

 The effect of amino acid ʟ-valine addition on the NaAP crystal was 

investigated by Nirmala et al. (2013). The SHG efficiency and the mechanical 

stability of the amino acid doped NaAP crystal get increased compared to the 

pure NaAP crystal. Devi et al. (2016) had reported the effect of transition 

metals such as copper (Cu), nickel (Ni) and cadmium (Cd) doped NaAP 

crystal in the fixed molar concentration of 1 mole%. The crystals were grown 

by the slow evaporation solution growth technique at ambient temperature. 

They reported that the addition of Cu as the dopant increases the crystalline 

intensity and optical transmittance of the crystal. The SHG efficiency for the 

metal doped crystals was increased compared to the pure NaAP crystal. The 

phenyl ring and π-electron system in the NaAP crystal was responsible for its 

SHG efficiency.  
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1.6.3  Mixed phthalate crystals 

 Sivakumar et al. (2012) had reported the growth of lithium 

potassium phthalate (C16H12KLi3O11) having the space group P-1 in the 

triclinic crystal system by solvent evaporation technique. The crystal was 

thermally stable up to 80 ˚C. The crystal possesses third order optical 

nonlinearity. They reported that the crystal has non-linear refractive index of 

15.8770×10
7
 cm

2
/W and the non-linear absorption coefficient of     

4.0128×10
-3

 cm
2
/W.  They also reported the growth and properties of lithium 

sodium acid phthalate with the nonlinear refractive index of            

6.6612×10
-11

 cm
2
/W and the non-linear absorption coefficient of            

9.1115 × 10
-3

 cm
2
/W (Sivakumar et al. 2012). 

 Recently, potassium lithium acid phthalate (PLAP) (C16H16KLiO11) 

crystal has been successfully grown from aqueous solution and reported by 

Manonmoni et al. (2015). This Li incorporated KAP exhibits large SHG 

efficiency comparable with that of KAP with good optical transparency and 

reasonable thermal stability. The PLAP crystal crystallizes in a non-

centrosymmetric space group P21 and the crystal was grown by slow 

evaporation solution growth technique. Thiourea mixed potassium acid 

phthalate (TKAP) single crystals was grown and their properties were 

reported by Srineevasan et al. (2016). The TKAP crystal was grown by the 

slow evaporation solution growth technique at room temperature. The crystal 

was thermally stable up to 137.6 ˚C. The SHG efficiency of the crystal was 

1.2 times that of KDP. 

 Saravanan et al. (2015) had investigated the growth and crystal 

structure of di-lithium di-phthalate (DLDP) single crystal. The crystal 

crystallizes in the monoclinic system with the centrosymmetric space group 

P2/n. Theras et al. (2015) had studied the growth of ʟ-threonine phthalate 

single crystal by the solution growth technique at room temperature. The 
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crystal crystallizes in the monoclinic crystal system with the centrosymmetric 

space group C2/c. The crystal was thermally stable up to 188 ˚C. Due to its 

centrosymmetric nature, the crystal possesses third order optical non-linearity. 

1.7 METAL FORMATE  

 The great interest in metal formate crystals is due to their 

interesting physical properties and its potential applications (Goeta et al. 

2004). The single crystal metal formates of group I and II in the periodic 

system exhibit strong non-linear optical properties (Feliksiński et al. 1983). 

Crystals of alkaline earth formates exhibits marked NLO properties and are 

used for efficient frequency doubling of Nd:YAG laser and for phase matched 

SHG for ruby laser.  

 Like sodium formate crystals, the crystal structure of other formate 

crystals was also reported. The crystal structure of lithium formate was 

reported by Enders-Beumer et al. (1973). “Nahringbauer (1968)” had reported 

the crystal structure of ammonium formate. The crystal structures of calcium 

formate, strontium formate and barium formate were reported by Watanabe et 

al. (1978). Kiriyama et al. (1954) have reported the crystal structure of cupric 

formate tetrahydrate. The crystal structure of gadolinium formate was 

reported by “Pabst (1943)”. The crystal structure of anhydrous copper (II) 

formate crystal was reported by Barclay et al. (1961) and its optical properties 

were reported by Narsimlu et al. (1996). It is an organic charge transfer salt 

with formate dimers. Hence the dimer charge oscillation mechanism is 

applicable for this crystal. 

 The crystal structure of mixed formate crystals was also reported. 

Goeta et al. (2004) had reported the synthesis, crystal structure and infrared 

spectrum of copper strontium formate crystals. The thermal decomposition of 

the copper strontium formate crystal was also investigated by Polla et al. 

(1995). Feliksiński et al. (1982) had studied the X-ray and infrared spectral 
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studies of barium-cadmium formate single crystals.  Daniel et al. (2014) had 

reported the properties of lithium formate monohydrate crystals grown by the 

slow evaporation method. The crystalline perfection of the grown crystal was 

characterized by HRXRD and it is quite good without having any internal 

structural grain boundaries. The cut-off wavelength of the crystal is 240 nm 

with good transparency. The crystal is stable up to 70 ˚C and it belongs to the 

soft material category with n value of 2.6. The effect of doping and the 

physico-chemical properties of strontium formate dihyrate crystals were 

studied by Greena at al. (2012; 2013). In the metal formate crystals, lithium 

formate and strontium formate which crystallize in non-centrosymmetric 

crystal system have good second order non-linearity whereas the sodium 

formate crystallizes in the centrosymmetric crystal system exhibits third order 

non-linearity. 

 ʟ-alanine formate is an amino acid formate crystal reported by Raj 

et al. (2007). The crystal was grown by the modified Sankaranarayanan-

Ramasamy method. The crystal is highly transparent (90 %) in the 

wavelength range of 250 – 800 nm. The SHG efficiency of the crystal is 0.75 

times of KDP. It is thermally stable up to 234 ˚C and it belongs to the hard 

material category with the n value of 1.7. Haussühl et al. (2006) had reported 

the properties of ʟ-arginine formate. It belongs to the orthorhombic crystal 

system. In the UV-Vis spectrum, absorption band was absent in the 233 – 

1100 nm range. It was thermally stable up to 180 ˚C. The properties of          

ʟ-argininium formate single crystal were reported by Julius et al. (2004). The 

crystal was stable up to 200 ˚C. The value of n is less than 1.6, so it belongs to 

the hard material category. Hanumantharao et al. (2012) had investigated the 

properties of ʟ-threonine formate single crystal. They discussed the electrical, 

thermal and optical properties of the crystal. The theoretical calculations and 

surface morphology of the ʟ-threonine formate crystal was reported by Liu et 

al. (2013). The growth of thiourea based formate crystals was also reported. 

Hanumantharao et al. (2012) had reported the growth and studies of bis 
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(thiourea) zinc formate single crystal. The crystal posses third order optical 

non-linearity. The growth and characterization of bis (thiourea) cadmium 

formate single crystal was studied by Selvakumar et al. (2006). The crystal 

has SHG efficiency 2 times that of KDP.  

1.8 PRESENT WORK 

 The main objectives of the present work are given below: 

 To grow good quality optically transparent crystals of 

potassium acid phthalate (KAP), sodium acid phthalate 

(NaAP), potassium sodium phthalate (KNaP) and sodium 

formate (NaF), 

 To identify the material of the grown crystals using 

powder X-ray diffraction, 

 To identify the functional groups present in the crystal 

using FTIR and FT-Raman spectral analysis, 

 To study the linear and non-linear optical properties by 

UV-Vis-NIR transmittance spectral analysis and through 

second harmonic generation (SHG) efficiency 

measurements.  

 To know the thermal stability of the grown crystal from 

TG/DTG analysis, 

 To measure the mechanical strength of the crystal by 

employing the Vicker’s microhardness measurements, 

 To examine the dielectric properties of the grown crystal 

at various frequencies and temperatures. 

 For the better understanding, the thesis is organized in to seven 

chapters. In the first chapter, we give an introduction to crystal growth and 

NLO crystals. A detailed literature review on potassium acid phthalate, 
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sodium acid phthalate, mixed phthalate and metal formate crystals are also 

provided. 

 In the second chapter, we deal with the synthesis and growth of 

single crystals of potassium acid phthalate doped with amino acids, sodium 

acid phthalate, mixed potassium sodium phthalate and anhydrous sodium 

formate. The characterization techniques used in the present study are 

explained.  

 The third chapter reports the physico-chemical properties of 

potassium acid phthalate single crystals with amino acid as additive. The 

results obtained were discussed in detail. Figures are provided wherever 

necessary. 

 The fourth chapter explains the properties of sodium acid phthalate 

single crystals. The optical properties like UV-Vis-NIR transmittance, 

photoluminescence spectral and SHG efficiency, mechanical property and 

thermal stability were studied.  

 The fifth chapter describes the characterization and properties of 

mixed bimettalic (K and Na) phthalate single crystals. The mixed crystals 

were grown with two different precursors. From the two crystals, the best 

grown crystal was selected and subjected to characterization. The details are 

presented. 

 The sixth chapter elaborates the physico-chemical properties of 

anhydrous sodium formate single crystals. It crystallizes in the 

centrosymmetric crystal system. Z-scan measurements were carried out on the 

grown crystals and are reported in this chapter. 

 The seventh chapter gives the summary of all the results reported 

in the thesis and provides conclusion of the work carried out along with scope 

for the future work. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

 The objective of this chapter is to provide a comprehensive 

description on the crystal growth methods and techniques that are followed in 

the present study to grow and characterize the crystals.  

2.1 MATERIALS USED AND GROWTH OF PURE AND 

 DOPED  KAP SINGLE CRYSTALS 

 For the growth of pure and amino acid doped KAP single crystals, 

the following commercially available analytical reagent (AR) grade chemicals 

were used. Potassium hydrogen phthalate, ʟ-histidine, ʟ-citrulline and ʟ-

aspartic acid from HiMedia with a minimum assay of 99.95 % was used as 

precursor materials. 

 KAP consists of potassium ions and an infinite number of 

phthalate ions linked by short O-H····O hydrogen bonds along the a-crystal 

axis with point group mm2 and space group Pca21. The potassium ion is 

surrounded by six oxygen atoms with distances ranging from 2.62 to 2.86 Å 

(Comoretto et al. 1997). KAP crystals can be grown to large size due to large 

positive coefficient of solubility in water (George et al. 1981). The solubility 

of KAP in water is given by C(T) = 9.283-0.059T+0.058T
2
, C(T) is the 

solubility of KAP in water (gm/100 ml) and T is the temperature in ˚C 

(Geetha et al. 2006). The molecular structure of KAP is shown in figure 2.1. 
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Figure 2.1 Molecular structure of KAP 

 The importance of amino acid for NLO applications is due to the 

molecular chirality, absence of strongly conjugated bonds and zwitterionic 

nature of the molecule. Except glycine, all other amino acids are characterized 

by chiral carbon, a proton donating carboxyl (COO-) group and a proton 

accepting amino group (NH
3+

). The key elements of an amino acid are 

carbon, hydrogen, oxygen and nitrogen.  

 Among them, ʟ-histidine has paid much attention due to its high 

non-linearity, low transparency cut-off wavelengths, extended thermal and 

mechanical stabilities and physico-chemical performances. It has high NLO 

properties due to the presence of imidazole group in addition to the amino-

carboxylate group. The structure of ʟ-histidine is shown in figure 2.2 (a). The 

ʟ-citrulline and ʟ-aspartic acid are α-amino acids. Both the amino acids 

exhibit zwitterionic form and thus it improves the SHG efficiency of the 

crystal. The molecular structure of ʟ-citrulline and ʟ-aspartic acid are 

respectively shown in figure 2.2 (b) and (c).  
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Figure 2.2 (a) Molecular structure of ʟ-histidine 

 

Figure 2.2 (b) Molecular structure of ʟ-citrulline 

 

Figure 2.2 (c) Molecular structure of ʟ-aspartic acid 

 A saturated solution of KAP was prepared with millipore water of 

resistivity 18.2 MΩcm at room temperature. The solution thus prepared was 

taken in a 100 ml beaker and was kept in a digitally controlled temperature 

bath (accuracy ± 0.01 °C) and maintained at a temperature of 32 ˚C. The 

beaker was closed with a perforated aluminium sheet to enable slow 

evaporation. Crystals with good transparency and morphology were obtained 

after 30 days. For the growth of amino acid viz., ʟ-histidine, ʟ-citrulline and ʟ-

aspartic acid doped crystals, the amino acid was taken in the required doping 

concentration (1, 5 and 10 mole %) and added to the saturated solution of 

KAP and stirred at room temperature for 2 hours in a magnetic stirrer.  
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2.2 MATERILALS USED AND GROWTH OF NaAP SINGLE 

 CRYSTALS  

 The molecular structure of NaAP is shown in figure 2.3. NaAP 

consists of sodium ions, phthalate ions and water molecules. In the NaAP 

crystal lattice, the sodium (Na
+
 ion) is situated in an irregular octahedral 

environment surrounded by six oxygen atoms, four from the ionized carboxyl 

groups, one from an un-ionized carboxyl group and one from the water 

molecule at bond distances of 2.3, 2.43, 2.56, 2.56, 2.37 and 2.43 Å 

respectively.  The planes of the ionized and non-ionized carboxyl groups 

make angles of 67˚ and 27˚ respectively with the aromatic ring. The water of 

crystallization occupies a position of site symmetry and it is hydrogen bonded 

to two oxygen atoms of ionized carboxyl groups. The O-H····O distance is 

2.81 Å, the O-H-O angle is 154˚, an O-H distance of 1.03 Å and H-O-H angle 

of 107˚.  

 

Figure 2.3 Molecular structure of NaAP 

 For the growth of NaAP single crystals, the following chemicals 

were used. Commercially available AR grade sodium hydroxide from Merck 

with a minimum assay of 99 % and phthalic acid from HiMedia with a 

minimum assay of 99.5 % were used as a precursor to synthesize the sodium 

acid phthalate. The materials are mixed in the equimolar ratio of 1:1 in 

millipore water of resistivity 18.2 MΩcm. The expected chemical reaction is 

as below: 
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       The mixture was stirred continuously for 8 hours in the room 

temperature. Then the temperature was increased to 40 ˚C for the complete 

dissolution of phthalic acid and stirred for about 6 hours to get a 

homogeneous solution. After attaining the homogeneity, the solution was 

filtered and kept in a beaker covered with the perforated sheet. Then the 

solution was maintained at 40 ˚C in the constant temperature bath within a 

accuracy of ± 0.01 ˚C. The product was purified by repeated recrystallization 

before it was used for the growth of NaAP crystal. 

 After recrystallization, a saturated solution of NaAP was prepared 

at room temperature. Solvent evaporation solution growth technique was 

employed to grow single crystals of NaAP in a constant temperature of 32 ˚C 

with an accuracy of 0.01 ˚C. The single crystals of NaAP were obtained after 

25 days which was well shaped and transparent. The slow cooling method 

was also adopted to grow large size NaAP single crystal. For that, the 

saturated solution of NaAP was prepared at 40 ˚C and the solution was 

filtered and covered with a perforated sheet. The solution was kept at 40 ˚C in 

the constant temperature bath and reduced to 32 ˚C with a temperature 

reduction rate of 0.2 ˚C per day. Well shaped, good quality, optically 

transparent large size crystal was obtained in about 55 days. 

2.3 MATERAILS USED AND GROWTH OF MIXED 

 PHTHALATE  SINGLE CRYSTALS 

 In this section we discuss about the growth of mixed potassium and 

sodium phthalate crystals by two different methods. 
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2.3.1 Material synthesis and growth of NaKP single crystals 

 (Method 1) 

 AR grade potassium acid phthalate (HiMedia with a minimum 

assay of 99.5 %) and sodium hydroxide (Merck with a minimum assay 99 %) 

were used as the precursors. Millipore water of resistivity 18.2 MΩcm was 

used as the solvent. The principle behind the preparation of potassium sodium 

phthalate (NaKP) crystal is incorporating Na atom on the KAP crystal by 

replacing the carboxylic acid hydrogen (H) atom. The method for the crystal 

growth is solvent evaporation at near ambient temperature. The expected 

chemical reaction for the formation of mixed potassium sodium phthalate 

single crystal grown by method 1 is as follows. The crystal grown by this 

method is NaKP1.  

              

 Aqueous solution of the precursors mixed in stoichiometric ratio 

was prepared, filtered and kept undisturbed at room temperature in a dust free 

atmosphere. After few days, white precipitate of NaKP1 salt was formed by 

complete solvent evaporation. Recrystallization was done to purify the above 

salt. Saturated aqueous solution of the above purified salt was prepared, 

filtered, transferred to growth vessel covered with a perforated sheet and 

allowed to equilibrate at 40 ˚C (10 ˚C higher than the room temperature 

considered to improve ordering in the crystal) controlled to an accuracy of     

± 0.01 ˚C in a constant temperature bath. Within a span of 25 days, 

transparent and good quality single crystals were harvested with a maximum 

dimension of 14×4×3 mm
3
. 
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2.3.2 Material synthesis and growth of NaKP single crystals 

 (Method 2) 

 The NaKP crystal was also synthesized by mixing in water AR 

grade phthalic acid (HiMedia), sodium hydroxide (Merck) and potassium 

hydroxide (Merck) in equimolar ratio of 1:1:1. The expected chemical 

reaction for the formation of mixed potassium sodium phthalate single crystal 

grown by method 2 is as follows. The crystals grown by this method are 

named as NaKP2. 

 

 The single crystals were grown as per the procedure discussed in 

section 2.3.1. Small thin plate like crystal was formed within 30 days with a 

maximum size of 12×3×0.3 mm
3
.  

 Ramasamy et al. (2013) had reported their results on the growth 

and chemical, structural, thermal and non-linear optical (NLO) properties of 

K0.78Na1.22[C6H4(COO)2].H2O crystal. This forms a bimetallic phthalate 

(NaKP) with Na and K as the metal atoms. This NaKP crystal belongs to the 

trigonal system with centrosymmetric space group P  1c while sodium and 

potassium acid phthalates (NaAP and KAP) belong to orthorhombic system 

with non-centrosymmetric space groups B2ab and Pca21 respectively. They 

have grown the crystal at 30 ˚C by the solvent evaporation method using KAP 

and sodium hydroxide as the precursors. The grown crystals were found to 

have defects. Moreover, they have explained the observed high second 

harmonic (SHG) activity (1.14 times that of KAP) was controversial to the 

theory due to dislocation of the NaKP crystal into KAP and NaAP (both NLO 

active materials) leading to local non-centrosymmetry. Figure 2.4 shows the 

crystal structure of potassium sodium phthalate mixed crystal. 
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Figure 2.4 Crystal structure of potassium sodium phthalate mixed crystal 

2.4 MATERIALS USED AND GROWTH OF SODIUM 

 FORMATE SINGLE CRYSTALS 

 The alkali metal formate crystals have attracted much interest due 

to its importance in many applications. Among all the alkali metals, sodium 

has been widely used due to its higher charge density. In semi-organic 

crystals, sodium has the ability to combine with organic ligands. Sodium 

formate has been used in many industries and its aqueous solutions are used 

to absorb SO2 in thermoelectric power plants. 

 For the synthesis of sodium formate (NaF), high purity sodium 

hydroxide (Merck) and formic acid (Rankem with a minimum assay of      

99.5 %) were dissolved in 1:1 molar ratio at room temperature (30 ˚C) in 

millipore water of resistivity 18.2 MΩcm. The solution was stirred well for 8 

hours using magnetic stirrer. The NaF formation can be explained by the 

following chemical reaction: 

          NaOH + CH2O2 → NaHCOO + H2O                               (2.1) 

After continuous stirring, the solution was filtered and kept in a closed beaker 

at ambient temperature. After a period of 40 days, precipitate of crystalline 

substance was obtained. The synthesized salt was purified by repeated 

crystallization processes. 
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 A saturated solution of recrystallized NaF at room temperature   

(30 ˚C) was prepared, filtered and transferred to crystal growth vessel. The 

growth vessel was covered with perforated lid to facilitate the slow 

evaporation of the solvent. The crystallization was allowed to take place by 

solvent evaporation method at a constant temperature of 40 ˚C to avoid 

formation of dihydrate as mentioned by Charlton et al. (1966). After a period 

of one month, evaporation of the solvent gives thin transparent plate-like 

crystals. 

 Very scanty amount of literature was available on the crystal 

structure of sodium formate. The literature survey reveals that the crystal 

structure of sodium formate was first reported by “Zachariasen (1940)”. He 

reported that the crystals of NaF have monoclinic-holohedral symmetry with 

the centro-symmetric space group C2/c. The NaF crystals are monoclinic with 

four molecules per unit cell. Each sodium atom is linked to six oxygen atoms 

belonging to five different formate radicals at an average distance of 2.44 Å. 

The C-O distance is 1.27 Å and the bond angle is 124˚. The formate anion lies 

on a two-fold axis and has C2v symmetry. The density of this crystal is 1.91 - 

1.93 g/cc. The crystal is also somewhat hygroscopic in nature. The crystal 

structure of NaF was also reported by Markila et al. (1975). The bond length 

between C-O is 1.246 Å and C-H is 0.99 Å. The bond angle between O-C-O 

is 126.3˚ and O-C-H is 116.9˚. “Newman (1952)” had reported the polarised 

infrared spectrum of sodium formate. Charlton et al. (1966) reported the 

infrared absorption of single crystals of anhydrous sodium formate. He 

reported that the distance of 2.50 Å separates the sodium ion from the oxygen 

atoms of the formate ion in the adjacent unit of pattern lying on the same 

twofold axis. Figure 2.5 shows the molecular structure of sodium formate. 
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Figure 2.5 Molecular structure of sodium formate 

 Sodium formate (hydrous/anhydrous) is a representative of 

hydrogen bonded crystals and the crystal is expected to be highly useful for 

device applications. In hydrous sodium formate, the water molecule may 

increase the elastic and NLO properties but reduces the thermal stability of 

the crystal. But, it is essential for the crystal to possess reasonably good 

thermal stability for their suitability in practical applications. Therefore, we 

have tried to grow thermally stable single crystals for laser and high power 

applications.  So, we have made an attempt to grow single crystals of 

anhydrous sodium formate for device applications.  

2.5  ANALYSIS TECHNIQUES USED FOR THE GROWN 

 CRYSTALS 

2.5.1 Single crystal X-ray diffraction 

 Single crystal X-ray diffraction (SXRD) is a non-destructive tool to 

analyse crystal structure of compounds. In the present study, Bruker AXS 

smart Apex CCD diffractometer was employed for the single crystal X-ray 

diffraction measurement which is available at Indian Institute of Science 

(IISc) Bengaluru. For the measurement, the X-ray generator was operated at 

50 kV and 35 mA using MoKα (λ=0.71073 Å) radiation. The data was 

collected with a ω scan width of 0.3˚. A total of 606 frames were collected at 

three different settings for φ (0,90,180˚) while keeping the sample to detector 

distance fixed at 6.03 cm and the detector position (2θ) fixed at - 25˚. 
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2.5.2 Powder X-ray diffraction 

 The powder X-ray diffraction (PXRD) study was taken to 

understand the crystallinity of the crystals grown. High resolution 

PANalytical Empyrean diffractometer system was used for the measurement 

of powder X-ray diffraction pattern. The pattern was scanned with a scan step 

size of 0.026˚ and step time of 72.165 seconds. The copper (Cu) was used as 

the anode material and the radiation of wavelength is 1.54 Å. The generator 

was maintained at 35 mA and 45 kV. The data was collected in the 2θ range 

of 5 - 80˚ at room temperature (≈ 25 ˚C). The setup available at Solid State 

Structural Unit, Indian Institute of Science, Bengaluru was used to record 

PXRD. Then the peaks obtained in the PXRD pattern was compared with the 

standard JCPDS data to confirm the structure of the crystal and the lattice 

parameters was also calculated using the cell refinement software. 

2.5.3 CHN analysis 

 It is the useful method to find out the amount of carbon, hydrogen 

and nitrogen present in the crystal. We performed the CHN analysis to 

confirm the entry of amino acid in the potassium acid phthalate single crystal. 

The nitrogen contents of the crystals (in powder form) were determined using 

an Elementar Vario EL III model CHN analyzer present in the Sophisticated 

Analytical Instruments Facility, STIC, Cochin University, Cochin.  

2.5.4 Atomic absorption spectroscopy 

 It is one of the frequently used methods for analysing the presence 

of metals in a compound. The atomic absorption spectroscopic (AAS) 

measurement was carried out to determine the amount of potassium, sodium 

and other impurity metals in the mixed phthalate crystals. The SHIMADZU 

Atomic absorption Spectrophotometer (AA-6300) present in the Instrument 

Facility Centre, Ayya Nadar Janaki Ammal College (Autonomous), Sivakasi, 
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Tamilnadu was used for the measurement. The wavelength of light used for 

the analysis is listed below: 

 Potassium (K) – 766.5 nm 

 Sodium (Na) – 589.0 nm 

 Calcium (Ca) – 422.7 nm 

 Iron (Fe) – 248.3 nm 

 Magnesium (Mg) – 285.2 nm. 

2.5.5 FTIR spectral measurement 

 The Fourier Transform Infra-red (FTIR) spectral measurement 

provides information about the functional groups and nature of chemical 

bonds present in the crystal. The spectra were recorded in the wave number 

region 4000 – 400 cm
-1

 for pellet method and 4000 – 550 cm
-1

 for the ATR 

method with a resolution of 2 cm
-1

. The JASCO FT/IR-4100 spectrometer 

available at Center for Scientific and Applied Research, PSN college of 

Engineering and Technology, Tirunelveli, Tamilnadu was used for recording 

the spectra.  

2.5.6 FT-Raman spectral measurement 

 FT-Raman spectra was recorded using Lab Ram HR800 

spectrometer with 518 nm line produced from the Ar
+
 laser source and it is 

used as the excitation wavelength. The spectra were recorded in the 

wavelength region of 3300 – 300 cm
-1

 with a resolution of 4 cm
-1

 at Sri 

Venkateswara University, Tirupati, Andhra Pradesh.  

2.5.7 Thermogravimetric measurement 

  Thermal analysis is an essential method to study the thermal 

behavior of the crystal and provides information about the thermal stability 

and decomposition of the crystal. In the thermogravimetric (TG) analysis, the 
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mass of the crystal is measured as a function of temperature or time and the 

crystal is maintained at a controlled temperature program. The derivative of 

TG analysis is derivative (DTG) analysis. The analysis were performed on the 

crystal in powder form from 25 – 700 ˚C with a heating rate of 10 ˚C/min 

under nitrogen atmosphere using a TGA Q500 V6.7 Build 203 instrument 

with pin holed platinum crucible. The instrument available at Research and 

Development centre, Orchid Pharma Ltd, Chennai was used in the present 

study. 

2.5.8 Vicker’s microhardness measurement 

 The hardness of the crystal is the important parameter for a crystal 

to be used for fabrication of devices. It is measured as the ratio of applied load 

to the surface area of indentation. It is the measure of resistance it offers to 

local deformation caused by indentation. Indentation hardness of the material 

is characterized by Vicker’s microhardness technique in which the pyramid 

shape diamond with apex angle 136° was used. Hardness value are measured 

from the observed size of the impression remaining after a loaded indenter has 

penetrated the surface of the crystal. The three most important parameters 

observed in microhardness measurements are anisotropy effect, indentation 

size effect (ISE) and reverse indentation size effect (RISE). ISE refers to a 

decrease in hardness with increasing applied load, whereas in the RISE, 

hardness increases with increasing applied load. The hardness depends on the 

degree of lattice order of crystalline material, and it is highly influenced by 

defects and intermolecular forces. According to Gong et al. (1999), during an 

indentation process the external work applied by an indenter is converted to 

strain energy component proportional to the volume of resultant impression 

and surface energy component proportion to area of resultant impression. In 

present study, Vicker’s microhardness measurement was done using 

Shimadzu HMV-2T Vicker’s microhardness tester with diamond pyramidal 

indenter at room temperature which is available at ACIC, St. Joseph’s college, 



34 

 

 

Trichy. The Vicker’s microhardness number (Hv) was computed using the 

formula Hv = KP/d
2
, where K = 2 sin(α/2), P is the indented load, α is the 

apex angle of the indenter (α = 136˚) and d is the average of diagonals. The 

Vicker’s hardness value was calculated using the formula in derived form:    

                               

                                              
        

  
  

  

   
                                          (2.2) 

 

Here, P is the applied load in kg, d is the average diagonal length of the 

indentation mark made by the Vicker’s indenter in mm. The dependence of 

microhardness with applied load does not show same type of behavior for all 

materials. It may be (a) independent of load (b) function of load (c) complex 

variation with increasing load. The load-hardness variation can be interpreted 

using Mayer’s relation: P=K1d
n
, where P is the applied load, d is the diagonal 

length of the indentation, K1 is a constant and n is the Mayer’s constant or 

work hardening co-efficient. The work hardening coefficient is caused by 

dislocations present in the crystal. Large value of n indicates large effect of 

dislocations. For a material where n is less than 2, the resistance of the slip 

planes may be small and may move easily due to inertia. They continue to 

move until they are bought to rest by some force resulting in positive value of 

χ, where χ is the measure of dislocation density of the material. From the best 

fitted slope of log P vs. log d plot, n value was estimated. According to 

“Onitsch (1947)” and “Hanneman (1941)”, n lies between 1 to 1.6 for hard 

materials and above 1.6 for soft materials. 

2.5.9 UV-Vis-NIR spectral measurement 

 Ultraviolet (200 – 400 nm), visible (400 – 800 nm) and near 

Infrared (800 – 1200 nm) radiation was allowed to pass through the sample. 

The deuterium (200 – 375 nm) and tungsten (350 – 1200 nm) filament lamp 

was used as the light source. It is the measurement of absorption or emission 
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of radiation associated with changes in the spatial distribution of electrons in 

atoms and molecules. The optical transmittance spectra of the crystal was 

measured using SHIMADZU UV-2600 UV-Vis-NIR spectrometer in the 

wavelength region 200 – 1200 nm which is available at Centre for Scientific 

and Applied Research, PSN College of Engineering and Technology, 

Tirunelveli. For UV-Vis-NIR spectral measurements, as grown crystal 

without polishing and anti-reflection coating was directly placed on the 

source. 

2.5.10 Kurtz and Perry SHG measurement 

 The experimental setup available at Inorganic and Physical 

chemistry department, Indian Institute of Science, Bengaluru, was used for 

the SHG measurement. Q-switched Nd:YAG laser beam of wavelength    

1064 nm with energy 1 mJ/pulse was made to fall on the powder form of the 

crystal filled in a micro-capillary tube of diameter 1 mm. The second 

harmonic output (emission of green light) generated by the crystal was 

detected by the photomultiplier tube and displayed in the cathode ray 

oscilloscope (CRO). 

2.5.11 Photoluminescence measurement 

 Photoluminescence is the emission of light by the absorption of 

photons from the crystal. The photoluminescence spectra were measured 

using JOBIN YVON Flurolog-3 spectrofluorimeter excited with xenon lamp 

of different wavelengths corresponding to the crystal and recorded in the 

region 500 – 750 nm available at Sri Venkateswara University, Tirupati, 

Andhra Pradesh. 

2.5.12 Dielectric measurement 

 It is used to find out the electrical response of solids and gives 

information about the electric field distribution within the crystal. The 
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different polarization mechanisms in solids can be understood from the study 

of dielectric constant as a function of frequency and temperature. The 

dielectric measurements were carried out by the parallel plate capacitor 

method by varying the frequency from 200 Hz to 200 kHz at various 

temperatures using a HIOKI IM3528 LCR meter available at Center for 

Scientific and Applied Research, PSN College of Engineering and 

Technology, Tirunelveli. The temperature range of the sample was chose to 

be less than the decomposition temperature obtained from the TG curve. The 

temperature was maintained with an accuracy of ± 0.01 ˚C and the 

measurements were taken while cooling the sample. The capacitance of the 

crystal (Ccrys) and dielectric loss factor (tan δ) of the crystal was directly 

measured from the LCR meter. In order to calculate the dielectric constant, 

the capacitance of the air medium (Cair) with the same thickness of the crystal 

was also measured and calculated using the formula given by Mahadevan 

(Priya & Mahadevan 2008; Kavitha & Mahadevan 2014): 

                                    
             

     

    
 

    
 
    

     
                                      (2.3) 

Here, Acrys is the area of the crystal touching the electrode and Aair is the area 

of the electrode. For the measurement the as grown crystal was taken and well 

shaped with en emery paper. The dimensions of the crystals were measured 

using a travelling microscope with a least count of 0.001 mm. A good quality 

silver paste was coated on opposite sides of the crystal to obtain a good 

conductive surface layer. 
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Figure 3.4 (a) FT-Raman spectra for pure and amino acid doped 

 KAP single crystals 

 

 

Figure 3.4 (b) Change in FT-Raman bands due to amino acid doping in 

 KAP single crystals 
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Table 3.3 FT-Raman vibrations and assignments for the grown crystals 

Wavenumbers (cm-1) for 

Assignments 
KAP 

LH-

KAP 

MH-

KAP 

HH-

KAP 

LC-

KAP 

MC-

KAP 

HC-

KAP 

LA-

KAP 

MA-

KAP 

HA-

KAP 

369 369 369 369 369 368 370 369 368 368 
C=O bending of 

carboxylic acid 

420 420 420 420 420 420 420 420 420 420 
C-C out of plane 

bending 

- 586 586 586 581 - 581 582 581 581 NH2 wagging 

650 650 650 650 649 650 650 649 648 651 C-C stretching 

- 653 653 653 650 - 651 653 652 - NH2 wagging 

- 762 765 762 765 762 762 762 762 762 
N-H out of plane 

bending 

811 810 811 810 811 811 811 811 811 811 C-C stretching 

1038 1038 1038 1038 1038 1038 1038 1038 1038 1038 C-H in plane bending 

1154 1151 1153 1152 1153 1153 1152 1152 1152 1152 C-H in plane bending 

- 1162 1162 1162 1162 1162 1162 1162 1162 1160 NH2 rocking 

- 1171 1171 1171 1171 1171 1170 1171 1171 1171 NH2 rocking 

1286 1289 1290 1290 1284 1288 1289 1287 1287 1287 C-OH stretching 

- 1373 - 1373 1374 1374 1374 1374 1375 1373 N-H in plane bending 

1379 1380 1385 1380 1385 1383 1383 1381 1383 1381 COO- symmetric stretch 

1492 1492 1492 1492 1491 1492 1492 1491 1492 1491 C-C stretching 

1522 - - - 1530 1522 - - 1522 - COO- asymmetric stretch 

1600 1600 1599 1600 1600 1600 1600 1600 1600 1659 C-C stretching 

2591 - - - 2586 2586 - 2594 2589 2594 O-H stretching 

- - - 3062 3062 3063 - 3062 3064 3063 
N-H symmetric 

stretching 

3071 3070 3071 3070 3070 3071 3070 3071 3071 3070 C-H in plane stretching 

 

3.5 ELEMENTAL ANALYSIS 

 The presence of amino acid in the KAP crystal matrix was also 

confirmed by analysing nitrogen concentration in the grown crystals. In the 

present study, the basic KAP crystal has no nitrogen molecules. But the 

dopants (ʟ-histidine, ʟ-citrulline and ʟ-aspartic acid) have nitrogen molecules. 

Hence, the elemental analysis was carried out to confirm the presence of 

nitrogen content in the case of doped crystals. The amount of nitrogen in the 

grown crystal is provided in Table 3.4. The result indicates that the increase 
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of nitrogen content in the crystal in correspondence with the amino acid 

concentration in the solution used for the crystal growth. Moreover, it is found 

that ʟ-aspartic acid is able to enter into the KAP crystal matrix in a better way 

when compared to ʟ-citrulline and ʟ-histidine. This result is in agreement with 

that obtained through FT-IR and FT-Raman spectral analyses. The nitrogen 

content present in the doped crystals confirms the existence of amino group in 

the KAP crystal matrix. 

Table 3.4 Comparison of nitrogen content present in the crystal and 

actually taken for crystal growth 

 

Crystals % Nitrogen 

Present in the crystal Added in the solution 

KAP - - 

LH-KAP 0.04 0.27 

MH-KAP 0.07 1.35 

HH-KAP 0.08 2.7 

LC-KAP 0.09 0.24 

MC-KAP 0.14 1.2 

HC-KAP 0.19 2.4 

LA-KAP 0.03 0.11 

MA-KAP 0.25 0.53 

HA-KAP 0.30 1.05 
 

3.6 UV-VIS-NIR TRANSMITTANCE ANALYSIS 

 The transmittance spectra are very important for all NLO material 

because the optical transparency range of single crystals plays a very 

important role in photonic applications. The UV-Vis-NIR transmittance 

spectra were recorded for all the grown crystal with 2 mm thickness without 

polishing and anti-reflection coating. The incident light was allowed to pass 

through the {010} face of all the grown crystals and the observed spectra is 

shown in figure 3.5. It was found that cut-off wavelength of the crystals is 300 

nm; it may be due to the n-π transition of the carbonyl group of the carboxyl 
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functions.  The cut-off wavelength for all the doped crystals is 300 nm and the 

crystals are found to be transparent in the entire wavelength region from 300 

to 1200 nm. Due to the ligand interaction or delocalization of electronic cloud 

through charge transfer, the transmittance of the doped crystal increases in the 

visible region. The enhancement in the transmittance spectra of doped KAP 

crystal was observed which reveals that the inclusion of amino acid reduces 

the structural grain boundaries. Hence it is the potential candidate for second 

harmonic generation and opto-electronic applications.  

 

Figure 3.5 UV-Vis-NIR transmittance spectra for the amino acid doped 

 KAP single crystals 
 

3.7 PHOTOLUMINESCENCE (PL) ANALYSIS 

 The photoluminescence is normally expected in substances which 

contain aromatic or multiple conjugated double bonds with a high degree or 

resonance stability. For PL studies, all the pure and doped KAP crystals were 

excited with the xenon lamp of wavelength 480 nm. Their emission spectra 

were recorded at room temperature in the wavelength region 500 – 750 nm 

and it is shown in figure 3.6. The greenish emission peak obtained at 523 nm 

for all crystals are due to the greater contribution of deep holes in the energy 

levels. The greenish emission may be due to the transition between filled π 
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orbital of the metal to π
*
 orbital of the organic ligand and the radioactive 

recombination between donors and acceptors.  Due to amino acid doping, the 

full width half maximum (FWHM) and area under the photoluminescent peak 

slightly increase. But there is no shift observed in the emission wavelength 

but the intensity gets varied. This is because the transfer of energy through the 

energy level of the dopant and also the cation vacancies increase by doping 

may lead to the increase in emission intensity in the visible region. The high 

intensity observed confirms the high quality of the crystals grown and these 

crystals are expected to find potential applications in opto-electronic devices. 

 

Figure 3.6 Photoluminescence emission spectra for the amino acid doped 

 KAP single crystals excited with 480 nm 

 

3.8 SECOND HARMONIC GENERATION (SHG) ANALYSIS 

 The SHG efficiency of the powdered sample was measured using 

Q-switched Nd:YAG laser emitting fundamental wavelength of 1064 nm by 

Kurtz and Perry powder technique. The grown crystals were made in to a fine 

homogeneous powder and densely filled in a one side closed transparent 

micro capillary tube. The potassium dihydrogen phosphate (KDP) was used 

as the standard reference material and its output was 125 mV. 
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 Table 3.5 shows the SHG output and SHG efficiency in KDP unit 

for all the grown crystals. The result indicates that doping leads to significant 

improvement in the SHG efficiency of the KAP crystal and it is suitable for 

device fabrication in NLO applications.  

Table 3.5 SHG output and efficiency for all the grown crystals 

Crystals SHG output (mV) SHG efficiency 

KAP 103 0.82 

LH-KAP 116 0.93 

MH-KAP 142 1.14 

HH-KAP 146 1.17 

LC-KAP 126 1 

MC-KAP 124 0.99 

HC-KAP 120 0.96 

LA-KAP 113 0.9 

MA-KAP 116 0.93 

HA-KAP 142 1.14 

 

3.9 THERMAL ANALYSIS  

 Thermal analysis of all the grown crystals was carried out in the 

nitrogen atmosphere in the temperature range from 30 to 700 ˚C with a 

heating rate of 10 ˚C/min. The TG/DTG curves for all the grown crystals are 

shown in figure 3.7. There was no intermediate mass loss in the crystals 

below 200 ˚C and it specifies that no water or solvent present in the crystals. 

The thermograms are found to be similar and minor change in the thermal 

stability of the crystals was observed due to doping. All the crystals except 

HA-KAP exhibit two sharp weight losses within the temperature range of 30 - 

700 ˚C. In the first stage, dipotassium phthalate is formed with the removal of 

phthalic anhydride and water from two molecules of KAP. In the second 

stage, potassium carbonate contaminated with elementary carbon is formed 
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with the evolution of acetaldehyde. The reaction in the two stages can be 

represented as follows: 

           

      

                 

 In particular, HA-KAP exhibits three weight losses; the first two 

are sharp and the third one is diffuse. This indicates some small distortion 

created in the crystal due to higher concentrated aspartic acid at higher 

temperature, after the first decomposition (formation of dipotassium 

phthalate). From this analysis, the HH-KAP crystals has high thermal stability 

(222 ˚C) compared to all the other crystals. 

   

   

Figure 3.7 (Continued) 

(3.1) 
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Figure 3.7 TG/DTG curves observed for all the grown crystals. 

3.10 VICKER’S MICROHARDNESS ANALYSIS 

 The mechanical stability of the crystal is of great interest for its 

application in device fabrication. The structure and molecular composition of 

the crystals are extremely related to the mechanical stability. Microhardness 

testing is one of the simplest and non-destructive tests to understand the 
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mechanical properties of the crystals. Moreover the hardness is one of the 

main physical characteristic of any material to understand its plasticity and 

the strength. The hardness of the crystal is also depends on the type chemical 

bonding, presence of dopants and nature of the material. It is defined as 

resistance offer to the motion of dislocations and structural break down under 

applied stress. Figure 3.8 shows the variation of microhardness number with 

three different loads for all the grown crystals. From the figure, for the three 

amino acid doped KAP crystals, the low concentration (1 mole %) doped 

KAP crystals shows high hardness number than the pure and high 

concentrations (5 and 10 mole %) doped KAP crystal. It may be due to the 

filling of the void space in the case of 1 mole % and high concentration of 

doping in the small void gets weakening the bonds. The changes in the 

hardness value by the addition of amino acid may be due to the interaction 

between O-H group of KAP with COO
-
 group of amino acid. Higher the 

hardness values greater the stress required to form dislocation, thus 

confirming greater crystalline perfection especially for the lower 

concentration (1 mole %) doped crystals.  

 By Mayer’s law, the Mayer’s index number or work hardening 

coefficient was estimated. The n value can be determined by fitting the 

hardness data into Mayer’s relation. Plots between log P and log d are found 

to be nearly linear and the n value has been determined from the slope of the 

best fitted straight lines. The n value indicates that all the crystals belong to 

the soft material category (n > 1.6). The n value is less for all the amino acid 

doped crystals except HH-KAP compared to pure KAP. It may be due to the 

major distortion of crystal lattice by the addition of high concentration        

(10 mole %) of ʟ-histidine, since it contains the ring structure. 

 The hardness value increases with the increase of applied load 

indicates that the all the grown crystals obeys the reverse indentation size 

effect (RISE). Also, if n > 2, the hardness number increases with the 
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increasing load and if n < 2, the hardness number decreases with the 

increasing load. Here, the value of n > 2 for all the grown crystals. Hence both 

the theoretical and experimental value shows that the crystals obey the RISE 

trend. From this analysis, the dopants strengthen the KAP crystal. 

 

Figure 3.8 Variation of hardness as a function of load and plot between 

     log d and log p for all the grown crystals 
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3.11 DIELECTRIC ANALYSIS 

 Dielectric properties play a key role in enlightening the various 

phenomenons in electronics, optics and solid state physics. Therefore, it is a 

key task to study the dielectric properties of a material to concern over storage 

and dissipation of electric and magnetic energy. For the non-conducting 

materials, dielectric and electro-optic properties are linked to each other.  For 

a material which has large dielectric constant a high voltage is required in 

order to polarize the dipoles. The dielectric constant of a material is used to 

understand the various polarization processes present in the crystalline solids. 

Crystals of high quality, large surface area, defect free are selected for 

dielectric studies with a thickness of 2 mm. All the crystals are well shaped 

and the opposite sides of the crystals are coated with the high quality silver 

paste to act as a perfect conductor and the dielectric parameters are measured 

using the parallel plate capacitor method. The variation of dielectric constant 

(εr) and dielectric loss factor (tan δ) with frequency (200 Hz – 200 kHz) and 

temperature (30 – 100 ˚C) for all the grown crystals are shown in figure 3.9. 

 The value of εr and tan δ decreases with the increase in frequency 

of applied field. The higher εr value at lower frequencies can be attributed to 

the presence of all four polarizations such as electronic, ionic, orientational 

and space charge and also depends on the fact that the electric field and dipole 

does not follow the alternating field beyond a certain frequency. When the 

temperature is increased, the dielectric parameters increase due to the 

vibrations of molecules about their mean positions which lead to increase of 

ionic polarization due to disordering effect of dipoles and the ionic distance 

gets increased and hence there is an increase in space charge polarization 

which is active at lower frequency and higher temperature. At high 

frequencies and temperature, the lower value of dielectric constant is due to 

saturation of space charge polarization. All the pure and doped crystals have 

higher value of dielectric constant at lower frequencies indicates that grown 
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crystals possess good optical quality which is essential parameter for the non-

linear device applications. The variation of dielectric loss as a function of 

frequency follows the same trend as that of dielectric constant for all the 

crystals reveals that the incorporation of amino acid possesses good 

crystalline quality.  

 

 

   

Figure 3.9 (Continued) 
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Figure 3.9 (Continued) 
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Figure 3.9 Variation of dielectric constant and dielectric loss factor as a              

 function of frequency and temperature for all the grown 

 crystals. 

 

3.12 CONCLUSION 

 The pure and doped (ʟ-histidine, ʟ-citrulline and ʟ-aspartic acid) 

KAP single crystals in three different concentrations (1, 5 and 10 mole %) 

were successfully grown by the solvent evaporation solution growth method 

in an aqueous solution kept at a constant temperature of 32 ˚C. Powder X-ray 
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diffraction analysis confirmed that the base material is KAP and the lattice 

parameters for all the grown crystals were also calculated. The change in the 

lattice parameters and the increase in volume confirm the presence of dopants 

in the KAP crystal matrix. It was also confirmed by the CHN analysis. The 

functional groups present in the pure and doped crystal were identified by 

FTIR and FT-Raman spectroscopic analyses. The linear and non-linear optical 

study shows that the dopant increases the optical properties of the KAP 

crystal. All the grown crystals exhibit greenish emission with good PL yield 

at 523 nm. The thermal stability of the ʟ-histidine doped KAP crystals gets 

increased compared to the pure one. The mechanical study shows that all the 

grown crystals are mechanically stable and belongs to the soft material 

category. From the dielectric analysis, all the crystals obey the normal 

dielectric behavior. The decrease of dielectric loss factor denotes that the 

doping increases the purity and perfection of the crystal. The doping in the 

KAP crystal has influenced the physico-chemical properties of KAP without 

affecting the crystal structure. From the results obtained in the present study, 

it is suggested that the amino acid doped KAP crystals are potential 

candidates for electro-optic applications. 

 

 

 

 

 

 

 



62 

 

 

 

CHAPTER 4 

GROWTH AND CHARACTERIZATION OF SODIUM ACID 

PHTHALATE SINGLE CRYSTALS 

 

 In this chapter we present the results obtained on the growth of 

sodium acid phthalate single crystals. We also provide a detailed discussion 

on the results obtained. 

4.1 CRYSTAL GROWTH 

 As discussed in the section 2.2, the NaAP crystal was grown by 

both solvent evaporation method and slow cooling method and the 

photographs of the crystals were shown in figure 4.1 (a) and (b) respectively. 

Both the crystals were found to be transparent, colourless and non-

hygroscopic in nature.   

    

Figure 4.1 Photograph of the as grown NaAP crystal (a) Solvent 

 evaporation method (b) Slow cooling method 

 The size of the crystal grown by the solvent evaporation method was 

1.5×1×0.4 cm
3
 and by slow cooling method was 4.6×1×0.7 cm

3
. Both the 

crystals were rhombic bi-pyramidal in shape. 
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4.2 POWDER X-RAY DIFFRACTION ANALYSIS 

 The grown NaAP crystals were finely powdered and subjected to 

powder XRD analysis. The sample was scanned over the 2θ range 5 – 50˚. 

The Bragg peaks present in the XRD pattern was indexed using the standard 

JCPDS data (card no: 32-1895). The indexed PXRD pattern of the grown 

crystal is given in figure 4.2. The well defined sharp peak indicates that the 

crystal was highly crystalline in nature. The lattice parameters were calculated 

using the cell-refinement software packages and the values are tabulated in 

Table 4.1. The unit cell parameters agree very well with the values reported 

by Smith et al. (1975). 

 

Figure 4.2 PXRD pattern for the NaAP crystal 

 

 

 



64 

 

 

Table 4.1  Lattice parameters for the NaAP crystal estimated from 

 PXRD data compared with those available in the literature. 

Lattice 

parameters 

Present 

work 

From 

JCPDS file 

Literature       

Smith et al. 1975 

a (Å) 6.784 6.769 6.75 

b (Å) 9.313 9.299 9.31 

c (Å) 26.449 26.417 26.60 

α (˚) 90 90 90 

β (˚) 90 90 90 

γ (˚) 90 90 90 

Volume (Å
3
) 1670.903 - - 

System Orthorhombic Orthorhombic Orthorhombic 

Space group B2ab B2ab B2ab 

 

4.3 FTIR SPECTRAL ANALYSIS 

 Figure 4.3 shows the FTIR spectrum recorded in the wavenumber 

range 4000 – 400 cm
-1 

at room temperature by KBr pellet method. In the 

spectrum, the strong band at 3510 cm
-1

 is due to O-H stretching of water 

molecules present in the crystal. The band at 3052 and 2924 cm
-1

 is assigned 

to the C-H stretching of the phenyl ring. The C-H bending and C=C stretching 

is appeared at 2857 and 2466 cm
-1

. The band at 1700 cm
-1

 is due to C=O 

vibration of carboxyl group. The peaks observed at 1565 and 1340 cm
-1

 

indicates the presence of carboxylate group. The phenyl group is revealed by 

the peaks observed at 1625, 1115 and 814 cm
-1

. The observed vibrational 

frequencies and their tentative assignments are listed in Table 4.2. The 

characteristic absorption peaks of various functional groups are in good 

agreement with those in literature (Sajan et al. 2011). 
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Figure 4.3 FTIR spectrum of the NaAP crystal 

Table 4.2  Vibrational frequencies and their tentative assignments for 

 the NaAP crystal 

Wavenumber (cm
-1

) Assignment 

3510 O-H stretching of water molecule 

3052 C-H stretching of phenyl ring 

2924 C-H stretching 

2857 C-H bending 

2466 C=C stretching 

1700 C=O vibration of carboxyl group 

1625 C-C stretching of phenyl ring 

1565 Asymmetric stretching vibration of carboxylate ion 

1475 C-C stretching 

1340 C-O stretching of carboxylic group 

1115 C-H in plane bending 

814 C-H out of plane bending 

754 O-H out of plane bending 

597 CCO in plane bending 

551 CCO out of plane bending 

447 Metal atom interaction 
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4.4 UV-VIS-NIR SPECTRAL ANALYSIS 

 For a crystalline material, the UV-Vis-NIR transmittance analysis 

is a useful technique to determine the transparency window and lower cut-off 

wavelength of the crystal. The UV–Vis–NIR spectrum was recorded for 

optically transparent NaAP single crystal of thickness 2 mm in the 

wavelength range 200 – 1200 nm is shown in the figure 4.4.  It reveals that 

the lower cut-off wavelength of as grown NaAP crystal is 300 nm with high 

transmittance in the entire visible region, which is an essential parameter for 

NLO crystals.  

 

Figure 4.4 UV-Vis-NIR transmittance spectrum for the NaAP crystal 

 

4.5  PHOTOLUMINESCENCE ANALYSIS 

 The photoluminescence spectrum was recorded in the range of  

450 – 700 nm for the as grown NaAP crystal with the crystal thickness of    

1.5 mm with the excitation wavelength of 315 nm. The emission spectrum is 

shown in figure 4.5. A high intense peak at 535 nm was observed. It shows 

that the NaAP crystal exhibits broad green colour emission. It may due to the 

π – π* transition and the interaction between the metal (Na
+
) and phthalic 

ligand. 
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Figure 4.5 Photoluminescence emission spectrum for the NaAP crystal 
 

4.6 SECOND HARMONIC GENERATION ANALYSIS 

 Kurtz and Perry test was performed to estimate the SHG efficiency 

of NaAP crystal. A Q-switched Nd:YAG laser was used as a laser source with 

a fundamental wavelength 1064 nm. The source was made to fall on the 

powder sample with a pulse width 10 ns and pulse rate of 10 Hz. The 

powdered KDP crystal was used as reference material for the SHG 

measurement. The input laser energy incident on the powdered sample was 

1.0 mJ/pulse. The second harmonic signal of 86 mV was obtained for NaAP, 

while the output of KDP was 94 mV for the same input beam energy. Thus 

SHG relative efficiency of NaAP crystal was found to be 0.9 times that of 

KDP. 

 The NaAP crystal consists of sodium metal ion (Na
+
) surrounded 

by an organic phthalic acid ligand. This organic ligand is more dominant for 

the SHG efficiency since it is a derivative of benzene and π-electron system. 

The π- electron cloud movement from donor to acceptor makes the molecules 

highly polarized and the intramolecular charge transfer interaction is 

responsible for the SHG efficiency. 
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4.7 TG/DTG ANALYSIS 

 Thermogravimetric (TG) and differential thermogravimetric 

(DTG) analysis for NaAP crystal in powder form placed in a platinum 

crucible were carried out in an nitrogen atmosphere at a heating rate of         

10 ˚C/min in the temperature range 30 – 700 ˚C. The TG-DTG curves of 

NaAP are illustrated in figure 4.6. The decomposition of NaAP proceeds in 

three steps from the temperature range 30 – 700 ˚C. The first weight loss of 

4.5% at 113 ˚C is due to the elimination of water molecules present in the 

NaAP crystal. The corresponding DTG curve is observed at 121 ˚C. 

Step 1:  2[C8H5NaO4.½H2O] → 2[C8H5NaO4] + H2O ↑ 

Then the second major weight loss of 42.7% occurs at 218 ˚C is due to the 

formation of disodium phthalate with the elimination of phthalic anhydride by 

the combination of two molecules of NaAP like KAP. For this weight loss, 

two sharp narrow peaks were observed: One peak observed at 264 ˚C 

indicates the elimination of phthalic anhydride and another peak obtained at 

279 ˚C is due to the phase transformation. 

Step 2: 2[C8H5NaO4] → C8H4Na2O4 + C8H4O3 ↑ + H2O ↑ 

A small weight loss of 16.1% is due to the formation of sodium carbonate 

with the elimination of acetaldehyde and the corresponding DTG curve is 

observed at 505 ˚C.  

Step 3: C8H4Na2O4 → Na2CO3 + carbon + C2H4O ↑ 

The TG curve of NaAP is very similar to the KAP curve except the first 

weight loss due to water molecules, since the KAP doesn’t have water 

molecules in the crystal system. Thus the NaAP crystal was thermally stable 

up to 113 ˚C and it is more suitable for device applications within this 

temperature. 
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Figure 4.6 TG/DTG curve for the NaAP crystal 

4.8 VICKER’S MICROHARDNESS ANALYSIS 

 The microhardness measurements were done using Shimadzu 

HMV-2 Vicker’s indentation tester at room temperature and the indentation 

time was kept at 5 s. The microhardness value was taken as the average of the 

several impressions made. The variations of Vicker’s microhardness number 

(Hv) with load on the NaAP crystal are shown in figure 4.7 (a). The 

microhardness measurements at three different loads viz., 25, 50 and 100 g 

show that as-grown crystal exhibits the reverse indentation size effect (RISE) 

in which the hardness value increases with the increasing load. At low loads, 

the indenter pierces only top surface layers generating dislocations resulting 

in the increase of hardness. When load increases, the indenter penetrates 

through surface and inner layer of the crystal. So mutual interaction between 

dislocations is created and high resistance is offered by crystal lattice to the 

motion of dislocations. The Mayer’s law relates load and indentation diagonal 

length. The Mayer’s index number or work hardening coefficient (n) was 

calculated by ploting the graph between log P and log d and shown in figure 

4.7 (b). The slope of the straight line gives the value of n as 3.25. By the 
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statement of “Onitsch (1947)”, the crystal belongs to the soft material 

category. 

 

Figure 4.7 (a) Variation of hardness number (HV) as a function of load 

 (P) for the as grown NaAP crystal 

 

Figure 4.7 (b) Variation of log P and log d for the as grown NaAP crystal 

4.9 DIELECTRIC ANALYSIS 

 For dielectric measurements, a good quality NaAP crystal of 2 mm 

thickness was taken. The crystal face in contact with the electrode was coated 

with silver paste to make it behave like a parallel plate capacitor. The 

capacitance (Ccrys) and dielectric loss factor (tan δ) were measured using the 

conventional parallel plate capacitor method in the frequency range 200 Hz to 

200 kHz using the LCR meter at various temperatures ranging from 30 to     
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90 ˚C. Figure 4.8 (a) and 4.8 (b) shows the variation of dielectric constant and 

dielectric loss factor respectively with frequency at different temperatures. It 

shows that the dielectric constant and dielectric loss factor exhibits similar 

variation with frequency. It is observed that the dielectric factors decrease 

very rapidly at low frequencies, and then slowly as the frequency increases, 

and finally it becomes almost a constant at higher frequencies. It also 

indicates that the value of dielectric constant and dielectric loss increases with 

increase in temperature. The high value of dielectric constant at low 

frequencies may be associated with the establishment of polarizations namely: 

space charge, dipolar, electronic and ionic polarization and its low value at 

higher frequencies may be due to the significant loss of these polarizations 

gradually. Space charge polarization is generally active at lower frequencies 

and higher temperatures and indicates the perfection of crystals. The low 

value of dielectric loss at high frequency implies that the crystal possesses 

good optical quality with lesser defects and this parameter is of vital 

importance for NLO materials for applications. 

 

 

Figure 4.8 (a) Variation of dielectric constant as a function of frequency 

 and temperature for the NaAP crystal 
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Figure 4.8 (b) Variation of dielectric loss factor as a function of frequency 

  and temperature for the NaAP crystal 

 

4.10 CONCLUSION 

 Good quality and bulk single crystals of sodium acid (hydrogen) 

phthalate (NaAP) were successfully grown using solvent evaporation method 

and slow cooling solution growth method. The cell parameters were 

calculated from the powder X-ray diffraction analysis and it agrees well with 

the reported values and JCPDS data. The presence of functional group was 

confirmed by FTIR analysis. The transmittance of NaAP crystal is 65% and 

the UV cut-off wavelength is found to be at 300 nm. In PL studies, a broad 

greenish emission peak centered at 535 nm was found, which is useful for the 

fabrication of laser devices. The SHG efficiency confirmed the non-linear 

optical nature of crystal and it is 0.9 times of the standard KDP as reference. 

TG and DTA reveals that the crystal is thermally stable up to 113 °C. Higher 

mechanical stability for the NaAP crystal indicates greater stress required to 

form dislocation thus confirming greater crystalline perfection and it exhibits 

the reverse indentation size effect. The dielectric studies reveal that both 

dielectric constant and dielectric loss factor are inversely proportional to 

frequency. The characteristic of low dielectric loss with high frequency for 

NaAP crystal suggests that it possesses good quality with lesser defects.  
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CHAPTER 5 

GROWTH AND CHARACTERIZATION OF BIMETTALIC 

(K and Na) PHTHALATE MIXED SINGLE CRYSTALS 

 

 In the present chapter, we discuss about the growth and 

characterization of potassium sodium phthalate mixed single crystals grown 

in the present study.  

5.1 CRYSTAL GROWTH 

 A photograph of NaKP crystals (NaKP1 and NaKP2) is shown in 

figure 5.1. The crystals grown using KAP and NaOH as the precursors 

(NaKP1) are found to be colorless, transparent and slightly hygroscopic in the 

normal atmosphere. The crystals grown using phthalic acid, KOH and NaOH 

as the precursors (NaKP2) are also colorless and transparent but non-

hygroscopic in the normal atmosphere. However, the quality of NaKP2 

crystal is considered to be poor (when compared to that of NaKP1) due to its 

low transparency and small thickness (a maximum of 0.3 mm only) along 

with formation of salt precipitation on the surface of the crystal. The quality 

and size of NaKP1 crystals grown in the present study are high compared to 

that reported by Ramasamy et al. (2013). This may be due to the high 

temperature (40 ˚C) considered for the growth of crystals in the present study. 
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Figure 5.1  Photograph of NaKP single crystals grown by the solvent 

 evaporation  method 
 

5.2 ATOMIC ABSORPTION SPECTRAL (AAS) ANALYSIS 

 The result of AAS analysis shows the presence of Na and K atoms 

in the ratio of 0.51:1.49 in the case of NaKP1 and 0.74:1.26 in the case of 

NaKP2 crystal. The chemical composition is found to be 

Na0.51K1.49C8O4H4.H2O and Na0.74K1.26C8O4H4.H2O for NaKP1 and NaKP2 

crystals respectively. Earlier, this ratio has been reported as 1.22:0.78 for 

NaKP1 grown at 30 ˚C. The difference in Na:K ratio observed between the 

present NaKP1 crystal and the one reported in the literature may be due to the 

difference in crystal growth temperature. The difference in chemical 

composition observed between NaKP1 and NaKP2 crystals may be due to the 

difference in precursors used. The presence of natural impurities (available in 

the precursor salts) in the NaKP1 crystal is found to be 1.9867 % Mg,   

3.3941 % Ca and 0.0053 % Fe. Table 5.1 shows the percentage of atoms 

present in the grown crystal by the AAS measurement. 

Table 5.1  Comparison of percentage of K and Na atoms present in the 

 crystal 

Percentage 

of atoms 

present in 

the crystal 

NaKP       

Reported by 

Ramasamy et al. 

(2013) 

NaKP1         

Present study 

grown by    

method 1 

NaKP2          

Present study 

grown by     

method 2 

K 0.78 1.49 1.26 

Na 1.22 0.51 0.74 
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5.3 UV-VIS-NIR SPECTRAL ANALYSIS 

 The UV-Vis-NIR spectra observed in the present study for both the 

crystals (NaKP1 and NaKP2) are shown in figure 5.2. The as grown crystal 

with a thickness of 1.5 mm for NaKP1 and 0.3 mm for NaKP2 is used for the 

measurement. The optical absorption edge (OAE) is found to be 300 nm for 

both the crystals which is same as that reported for NaKP1 (Ramasamy & 

Meenakshisundaram 2013) and C16H16KLiO11 (Manonmoni et al. 2015). The 

OAE has been reported to vary from 312 to 320 nm for NaAP crystals 

(Krishnan et al. 2008; Senthil et al. 2011; Marudhu et al. 2014). A recent 

report on pure and NaCl doped KAP single crystals shows no significant 

change in OAE due to doping (Raju et al. 2015). NaKP1 and NaKP2 crystals 

respectively exhibit 72 and 48 % transmittance in the UV-Vis-NIR region 

from 300 nm. As NaKP1 crystal has good optical transmittance and wide 

transmission window, it fulfills the requirement of an optically active 

material. The incorporation of sodium in the KAP crystal matrix significantly 

improves the optical transmittance of the crystal. It is the most desirable 

property of the crystal used for device fabrication. Based on the crystal 

quality and stochiometry, further studies were on done on NaKP1. 

 

Figure 5.2 Optical transmittance spectra of the NaKP crystals 
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5.4 X-RAY DIFFRACTION ANALYSIS 

 The SXRD analysis shows that the NaKP1 crystallizes in the 

trigonal system with centrosymmetric space group P  1c which is in 

correspondence with that reported earlier in the literature (Ramasamy & 

Meenakshisundaram 2013). The PXRD pattern observed for NaKP1 crystal in 

the present study is shown in figure 5.3. The sharp and well defined Bragg 

peaks observed indicate that the grown crystal possesses higher crystallinity 

and chemical purity. The observed PXRD reflections were indexed and lattice 

parameters were determined using the Cell Refinement software package. The 

lattice parameters obtained through SXRD and PXRD analyses are compared 

to that available in the literature in Table 5.2.  

Table 5.2 Lattice parameters of NaKP1 crystal estimated by SXRD and 

  PXRD analyses 

Lattice 

parameters 

From 

SXRD data 

From 

PXRD data 

From literature          

Reported by Ramasamy et 

al. (2013) 

a (Å) 16.741 16.742 16.7228 

b (Å) 16.741 16.742 16.7228 

c (Å) 18.254 18.331 18.2742 

α (˚) 90 90 90 

β (˚) 90 90 90 

γ (˚) 120 120 120 

Volume 

(Å
3
) 

4430.7 4449.793 4425.75 

System Trigonal Trigonal Trigonal 

Space 

group 

P  1c P  1c P  1c 
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Figure 5.3 PXRD pattern for the grown NaKP1 crystal 

5.5 FTIR SPECTRAL ANALYSIS 

 Figure 5.4 shows the FTIR spectrum recorded for the NaKP1 

crystal. The broad peak centered at 3292 cm
-1

 can be assigned to O-H 

stretching of water molecules present in the crystal. The peaks occurring at 

around 2141 and 1640 cm
-1

 can be attributed to C=C stretching and 

carboxylic acid C=O symmetric stretching respectively. The peaks observed 

at around 1556 and 1396 cm
-1

 can be assigned to COO
- 

asymmetric and 

symmetric stretchings respectively. The peak observed at around 1155 cm
-1 

can be due to the stretching between metal and oxygen atoms. The peaks 

appearing at around 1087 and 829 cm
-1 

can be attributed to C-H in plane and 

out of plane bendings respectively. The peaks observed at around 763 cm
-1

 

can be due to ortho disubstituted aromatic stretch. The peaks appearing at 

around 699 and 649 cm
-1 

can be attributed to O-H and C=C out of plane 

bendings
 
respectively. The peak observed at 433 cm

-1 
can be assigned to C-O 

wagging. Thus, the FTIR spectral analysis indicates the presence of all the 

functional groups in the crystal. The FTIR vibrational band for the NaKP1 

crystal is given in Table 5.3. 
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Figure 5.4 FTIR spectrum of the grown NaKP1 crystal 

Table 5.3 FTIR band assignments for the NaKP1 crystal 

Wavenumber (cm
-1

) Assignments 

3292 O-H stretching 

2141 C=C stretching 

1640 C=O symmetric stretching 

1556 COO
-
 asymmetric stretching 

1396 COO
-
 symmetric stretching 

1155 Metal – oxygen stretching 

1087 C-H in plane bending 

829 C-H out of plane bending 

763 Ortho disubstituted aromatic stretch 

699 O-H out of plane bending 

649 C=C out of plane bending 

433 C-O wagging 
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5.6  PHOTOLUMINESCENCE SPECTRAL ANALYSIS 

  In PL phenomenon, electronic states of a solid are excited by light 

of a particular energy and that energy is released in the form of photons with 

different wavelengths. In order to know the luminescent behavior of grown 

crystal, it was excited with the wavelength of 325 nm and the emission peak 

was recorded in the wavelength range of 350 – 700 nm at room temperature 

and it is shown in figure 5.5. The sharp emission peak was observed at 436 

nm which corresponds to the blue color emission. The sharpness of the peak 

shows that the purity of the crystal and high quality surface.  

 

Figure 5.5 PL spectrum for the NaKP1 crystal 

5.7 SECOND HARMONIC GENERATION MEASUREMENT 

 The SHG efficiency of the NaKP1 is found to be 0.93 times that of 

KAP. The X-ray diffraction (SXRD and PXRD) analyses show that the 

NaKP1 crystal possesses centrosymmetric crystal structure and, as per the 

theory, it is not expected to exhibit SHG property. High SHG is normally 

related with favorable molecular alignment facilitating non-linearity 

(Manonmoni et al. 2015). The SHG property exhibited by the NaKP1 crystal 

can be explained as due to the π electron cloud movement from the donor to 

acceptor molecules and the presence of water molecule in the centre of 
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inversion symmetry or the local non-centrosymmetry caused by defects. 

Moreover, the observed SHG efficiency is less than that observed by the 

earlier authors (1.14 times of KAP) (Ramasamy & Meenakshisundaram 

2013). This shows that the crystal grown in the present study has fewer 

defects. 

5.8 THERMAL PROPERTIES 

 The thermogravimetric (TG/DTG) patterns observed in the present 

study are shown in figure 5.6. The NaKP1 crystal is found to be thermally 

stable at least up to 71 ˚C making it suitable for device application in the 

ambient temperature condition. The TG pattern shows that two stages of 

weight loss occur at temperature ranges 71 – 143 ˚C and 428 – 521 ˚C. The 

first stage can be associated with the elimination of water molecule. The 

second stage can be associated with the formation of sodium-potassium 

carbonate by the evolution of acetaldehyde. The DTG pattern confirms the 

above decomposition. The above two stages of decomposition can be stated as 

follows; 

                      (5.1)         

 

Figure 5.6 TG/DTG patterns observed for the NaKP1 crystal 
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5.9 MECHANICAL PROPERTIES 

 The variation of Hv as a function of load for the NaKP1 crystal is 

shown in figure 5.7 (a). The Hv value is found to increase with the increase in 

load which indicates that the crystal exhibits reverse indentation size effect.  

 

Figure 5.7 (a) Variation of load (P) vs. hardness number (Hv) for NaKP1  

 crystal 

The value of n was calculated by plotting the graph between log P and log d 

as shown in figure 5.7 (b) and is found to be linear. The n value is found to be 

2.26. As this value exceeds 1.6, the NaKP1 crystal can be considered as a soft 

material. This indicates that the NaKP1 crystal is mechanically favourable for 

device fabrication. 

 

Figure 5.7 (b) Plot of log d vs. log P for NaKP1 crystal 
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5.10 DIELECTRIC PROPERTIES 

 The dielectric parameters viz., ɛr and tan δ obtained in the present 

study are shown in figures 5.8 (a) and 5.8 (b). The dielectric parameters are 

found to increase with the increase in temperature. Moreover, the ɛr and tan δ 

values decreases with the increase in frequency of the applied field. The 

above results indicate that the NaKP1 crystal behaves as a normal dielectric 

material. 

 

Figure 5.8 (a) Variation of dielectric constant vs. frequency as a function 

 of temperature for NaKP1 crystal 

 

Figure 5.8 (b) Variation of dielectric loss factor vs. frequency as a 

 function of temperature for NaKP1 crystal 
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 It is observed that the ɛr decreases with increasing frequency and 

then attains almost a constant value in the high frequency region. It also 

shows that as the temperature increases, the value of the ɛr also increases. At 

30 ˚C, the ɛr of the NaKP1 crystal at 200 Hz is 1468 and its value decreases to 

100 at 200 kHz. The ɛr is maximum at 200 Hz since all the types of 

polarization such as electronic, ionic, orientation and space charge 

polarizations occur at lower frequency. Because of the inertia of the 

molecules and ions at high frequencies, the orientation and ionic contribution 

of polarization are small. So the magnitude of polarization increases with the 

decrease of frequency.  

 The dielectric constant is found to be high which makes the NaKP1 

crystal useful in capacitor technology. The total polarization takes place in the 

crystal due to the contributions from electronic, ionic, orientational and space 

charge polarizations. The space charge polarization depends on the purity of 

the crystal and is dominant at lower frequency range. The orientational 

polarization is active at higher frequency region and is normally absent for 

ionic crystals. The electronic polarization is active below a frequency of         

1 kHz and becomes zero for ionic solids. The ionic polarization is a dominant 

contribution in ionic solids. These facts will explain the decrease of ɛr and tan 

δ values with the increase in frequency of the applied field observed in the 

present study. The ɛr values observed by the earlier workers for NaAP crystals 

(Krishnan et al. 2008; Senthil et al. 2011) and pure and NaCl doped KAP 

crystals (Raju et al. 2015) are significantly less than that observed for NaKP1 

crystal in the present study. 

 The temperature dependences of ɛr and tan δ observed in the 

present study can be explained as due to vibrations of molecules, weakening 

of bond strength, presence of electronic and ionic polarizations, crystal 

expansion and crystal defects. The lower values of ɛr and tan δ observed at 

low temperature are due to crystal expansion and electronic and ionic 
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polarizations. The higher values observed at higher temperatures are due to 

thermally generated charge carriers and impurity dipoles. 

5.11 CONCLUSION 

 Good quality bimetallic (Na and K) phthalate single crystals up to 

a size of 14×4×3 mm
3 

have been successfully grown at ambient conditions by 

the solvent evaporation method. X-ray diffraction analysis showed that the 

grown crystal belongs to the trigonal system with the centrosymmetric space 

group P  1c. The observed FTIR spectrum confirmed the presence of 

functional groups. The chemical composition is found to be 

Na0.51K1.49C8O4H4.H2O. An optical transmittance of 72 % in the wavelength 

range 300 - 1200 nm and good SHG efficiency make the crystal to be useful 

in optoelectronic and photonic devices. The observed SHG efficiency for this 

centrosymmetric crystal could be explained as due to local non-

centrosymmetry. Thermogravimetric and microhardness measurements 

indicate good thermal and mechanical stabilities for the grown crystal. 

Dielectric measurements indicate that the parameters, viz., ɛr and tan δ 

increase with the increase in temperature. Moreover, the high dielectric 

constants observed indicates that the crystal is expected to be useful in 

capacitor technology. 
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CHAPTER 6 

PHYSICO – CHEMICAL PROPERTIES OF ANHYDROUS 

SODIUM FORMATE SINGLE CRYSTALS 

 

 For the past few years, third order non-linear optical materials play 

a vital role in optical signal processing, optical limiting, optical logic gates, 

laser radiation protection etc due to their potential applications. Hence the 

search for non-linear optical materials with large third order optical non-

linearities and fast response is essential for technological development. We 

have attempted to grow a third order nonlinear optical crystal viz., sodium 

formate. In this chapter, we present the results obtained in our study. 

6.1 CRYSTAL GROWTH 

  Figure 6.1 shows the photograph of as-grown NaF crystal with the 

maximum size of 14×9×1 mm
3
. The crystals grown are found to be well 

shaped, colorless and transparent. However, it exhibits some hygroscopic 

nature and it is not much stable in open atmosphere. This is in agreement with 

that reported by the earlier authors (Zachariasen 1940; Newman 1952; 

Charlton & Harvey 1966).  

 

Figure 6.1 Photograph of the as grown NaF crystal 
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6.2 POWDER X-RAY DIFFRACTION ANALYSIS 

 The grown NaF crystal was finely powdered and subjected to 

PXRD analysis to confirm the structure of the crystal. The PXRD pattern 

observed for the NaF crystal is shown in figure 6.2. The pattern is found to be 

in good agreement with the data available in the JCPDS file; the card no. is 

14-0812. The JCPDS file is used to index the present data. The PXRD 

analysis shows that the NaF crystal system is monoclinic with the space group 

C2/c (Schoenflies notation C
6

2h) and point group 2/m. The sharp peaks 

observed in the PXRD pattern show that the crystal is highly crystalline in 

nature. The lattice parameters for the NaF crystal estimated by PXRD data 

compared with the JCPDS file and literature is tabulated in Table 6.1. They 

are found to match well with the values reported by Markila et al. (1975). 

 

 Figure 6.2 PXRD pattern for the grown NaF crystal  

 

 



87 

 

 

Table 6.1. Lattice parameters for the NaF crystal estimated from PXRD 

 data compared with those available in the literature. 

Lattice 

parameters 

Present 

work 

From 

JCPDS file 

Literature    

Markila et al. 1975 

a (Å) 6.252 6.257 6.259 

b (Å) 6.743 6.753 6.757 

c (Å) 6.166 6.166 6.172 

α (˚) 90 90 90 

β (˚) 116.2 116.2 116.14 

γ (˚) 90 90 90 

Volume (Å
3
) 233.2 - - 

System Monoclinic Monoclinic Monoclinic 

Space group C2/c C2/c C2/c 

 

6.3 FTIR SPECTRAL ANALYSIS 

 The FTIR spectrum recorded in the present study is shown in figure 

6.3 and the band assignments are listed in Table 6.2. The bands appearing 

around 2800 cm
-1

 can be attributed to the C-H vibrations. The bands at 2952 

and 2826 cm
-1

 are respectively due to C-H asymmetric and symmetric 

vibrations. The C-H bending vibration appears at 2713 cm
-1

. The strong bands 

appearing at 1587 and 1352 cm
-1

 are due to C-O asymmetric and symmetric 

stretchings respectively. The peak at 767 cm
-1 

is attributed to C-O symmetric 

bending. Absence of any peak appearing at around 3400 cm
-1

 indicates that 

the crystal grown is without any water molecules. This spectrum is found to 

be in good agreement with early reported by “Newman (1952)” and Charlton 

et al. (1966). Thus, the results obtained through PXRD and FTIR spectral 
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analyses indicate that the NaF crystal grown in the present study is of good 

crystalline nature and of anhydrous sodium formate. 

 

Figure 6.3 FTIR spectrum for the grown NaF crystal by ATR method 

Table 6.2 FTIR band assignments for the NaF crystal 

Wavenumber (cm
-1

) 
Assignments 

2952 C-H asymmetric stretching 

2826 C-H symmetric stretching 

2713 C-H bending 

1587 C-O asymmetric stretching 

1352 C-O symmetric stretching 

767 C-O symmetric bending 

 

6.4 UV-VIS-NIR SPECTRAL ANALYSIS 

 The optical transmittance spectrum recorded for the NaF crystal in 

the wavelength range 200 – 1200 nm with a crystal of thickness 0.7 mm is 

shown in figure. 6.4. The transmittance is found to be more than 54 % in the 
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entire visible and NIR regions with an absorption edge at 225 nm. There is no 

absorption band between 225 and 1200 nm and hence the crystal is expected 

to be transparent between these two wavelengths.  

 

 Figure 6.4 UV-vis-NIR transmittance spectrum for the NaF crystal 

6.5  PHOTOLUMINESCENCE SPECTRAL ANALYSIS 

 For the PL measurement the as grown good quality crystal was 

chosen with a thickness of 1 mm and excited with the wavelength of 325 nm 

and the spectrum was recorded in the wavelength range of 350 – 700 nm at 

room temperature. PL spectrum of the NaF crystal is shown in figure 6.5. The 

sample exhibits a broad emission band in the UV region at 451 nm which is 

corresponds to the blue color emission. 

 

 Figure 6.5 PL emission spectrum for the as grown NaF crystal 
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6.6  SECOND HARMONIC GENERATION MEASUREMENT 

 Quantitative measurement of relative SHG efficiency of NaF 

crystal with respect to well known SHG material KDP was made by the Kurtz 

and Perry powder technique. Nd:YAG laser was used as a light source. A 

laser beam of fundamental wavelength of 1064 nm, 10 ns pulse width, with 

10 Hz pulse rate was made to fall normally on the sample cell. The input laser 

energy incident on the powdered sample was chosen to be 1 mJ/pulse. The 

SHG measurement shows no green light emission from the sample. It 

indicates that the grown NaF crystal has zero second order susceptibility co-

efficient. This result is in good agreement with the PXRD, since the centro-

symmetric space group crystals do not have SHG efficiency.  

6.7  THIRD HARMONIC GENERATION ANALYSIS 

 The third-order non-linear refractive index (n2) and absorption 

coefficient (β) were evaluated by using the single beam Z-scan technique. The 

laser beam from 635 nm continuous wave (CW) diode laser was focused by a 

convex lens with focal length of 5 cm, which produces a beam waist ωo of 

23.57 µm and the Raleigh length, ZR of 2.7 mm in the sample. A 1 mm 

thickness of cuvette containing the aqueous solutions of NaF crystal placed on 

a translational stage was moved across the focal region (+Z to –Z) along the 

axial direction, which is the direction of propagation of laser beam. 

 In closed aperture Z-scan, the intensity of the transmitted beam 

through an aperture (Z = 0.40) was measured by a photo detector fed to the 

digital laser power meter. When the sample is placed far away from the focus 

(–Z) the beam irradiance is low, while the sample is moved towards the focus, 

the irradiance of the beam increases leading to self-lensing effect. The 

normalized transmittance curve is characterized by a pre-focal transmittance 

maximum followed by a post-focal transmittance minimum as shown in 

figure 6.6 (a), which implies that the sign of the non-linear refractive index of 
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NaF crystal is negative, i.e., self-defocusing. The self-defocusing effect is 

attributed to a thermal non-linearity resulting from the absorption of laser 

radiation at 635 nm.  

 The difference in peak and valley transmission (∆Tp-v) can be 

written in terms of the on-axis phase shift Δφ at the focus as 

         ΔTp–v   0.406(1–S)
 0.25 

Δφ                                         (6.1) 

Here    
  

 
         with      

      

 
 and S = 1–exp(–2ra

2
/ωa

2
) is the 

aperture linear transmittance with ra denoting the aperture radius and ωa 

denoting the beam radius at the aperture in the linear regime. Also, λ is the 

laser wavelength, Io is the intensity of the laser beam at focus Z = 0, α is the 

linear absorption coefficient and L is the thickness of the sample. 

  Then non-linear refractive index (n2) is given by: 

                                                 
   

        
                 (6.2) 

 Figure 6.6 (b) shows the open aperture (S = 1) Z–scan setup for 

NaF crystal. The non-linear absorption coefficient β can be measured where 

the aperture is removed and hence the entire transmittance of the beam is 

collected through a suitable lens. It is clearly seen in figure 6.6 (b) that the 

transmittance at the focus decreases which is the characteristic signature of 

Reverse Saturable Absorption (RSA). 

 The non-linear absorption coefficient β can be estimated from the 

open aperture Z - scan data using the relation 

                                                   
     

      
                          (6.3) 

 The closed aperture transmittance is affected by the non-linear 

refraction and absorption, the determination of n2 is less straight forward from 
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the closed aperture scans. It is necessary to separate the effect of non-linear 

refraction from non-linear absorption. A simple and approximate method to 

obtain purely effective n2 is to divide the closed aperture transmittance by the 

corresponding open aperture transmittance and figure 6.6 (c) shows one such 

data. 

 The real and imaginary parts of the third-order non-linear optical 

susceptibility χ
 (3)

 are defined as  

                                           
        

   
    

    
                                        (6.4)                                                                                                

                                            
        

   
    

   
                                     (6.5)  

                                                                                       (6.6)                                                                                                 

                                                              

Here o is the vacuum permittivity, no is the linear refractive index of the 

sample and c is the velocity of light in vacuum.  

 

Figure 6.6 (a) Closed aperture Z-scan curve for aqueous solution of NaF 

  crystal 
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Figure 6.6 (b) Open aperture Z-scan curve for aqueous solution of NaF 

   crystal 

 

Figure 6.6 (c) Pure non-linearity curve for aqueous solution of NaF 

 crystal 

 The calculated values of non-linear refractive index n2, non-linear 

absorption co-efficient β, and third-order non-linear susceptibility χ
 (3)

 for the 

NaF crystal are found to be –0.55×10
-6

 (cm
2
/W), 2.06×10

-2 
(cm/W) and 

4.6×10
-6

 (e.s.u) respectively. Thus, the NaF crystal is found to exhibit third 

order optical non-linearity.  
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6.8 TG/DTG ANALYSIS 

 The thermal stability of the NaF crystal was identified by 

thermogravimetric and differential thermogravimetric analysis. The TG/DTG 

curves observed for the NaF crystal is shown in figure 6.7 (a).  It shows that 

the NaF crystal is thermally stable up to 318 ˚C without any decomposition. 

The decomposition takes place in two steps. In the first step, with a weight 

loss of 18 % liberation of H2 molecules takes place in the temperature range 

of 318.4 - 410 ˚C leading to the formation of sodium oxalate. In the second 

step, sodium oxalate decomposes in the temperature range of 503-543 ˚C 

leading to the formation of sodium carbonate by the liberation of carbon 

monoxide with a weight loss of 8 %. In the corresponding DTG curve, during 

the first step, two peaks are formed: one for the elimination of hydrogen 

molecules and the other one for the phase transformation. During the second 

step, one peak is formed. So, the DTG curve confirms the above two 

decompositions. The decomposition steps are shown in figure 6.7 (b). It is 

also noticed that there is no adsorbed and absorbed water molecules present in 

the crystal. The TG and DTG curves show that the transformations are 

associated with mass changes and physical transformation which is 

independent of mass change or decomposition of the material.  

 

Figure 6.7 (a) TG/DTG curves observed for the NaF crystal 
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Figure 6.7 (b) Decomposition steps for the NaF crystal 

6.9 VICKER’S MICROHARDNESS ANALYSIS  

 The hardness value as a function of load observed for the NaF 

crystal in the present study is displayed in figure 6.8 (a). The Hv value 

increases with the increase in load. The higher hardness value of the crystal 

indicates that greater stress is required to form dislocation. At low loads, the 

indenter penetrates only the top surface layers generating dislocations, which 

results in the increase of hardness in this region. Both the PXRD and hardness 

data confirm that the grown NaF crystal has greater crystalline perfection. The 

higher hardness value may be due to the strong interaction of C=O group in 

the NaF crystal, since the TG result shows that the C-H gets easily broken.  

The Mayer’s constant or work hardening coefficient was estimated 

from the best fitted slope of log P versus log d plot and it is shown in figure 

6.8 (b). The value of n is found to be 2.68 which indicates that the grown NaF 

crystal belongs to soft material category. Also, as per the theory, the results of 

microhardness measurement follow the reverse indentation size effect trend.  
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Figure 6.8 (a) Variation of hardness as a function of load for the NaF 

 crystal 

 

Figure 6.8 (b) Variation of log P as a function of log d for the NaF crystal 

6.10 DIELECTRIC ANALYSIS 

 Crystals with higher dielectric constants are considered to be useful 

in capacitor technology. The presence of dielectric between the plates of a 

condenser enhances the capacitance. The dielectric constant (εr) is the 

measure of how easily a material is polarized in an external electric field. The 

sample of 1 mm thickness was taken for the measurement and both the sides 

of the crystal were coated by good quality silver paste to make a contact with 

the electrodes. The measurement was taken in the frequency range 200 Hz – 

200 kHz in the temperature ranging from 30 to 150 ˚C. 
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 The variation of ɛr and tan δ with frequency and temperature are 

shown in figures 6.9 (a) and (b). It is found that the ɛr and tan δ values 

decrease with the increase in frequency of the applied field (f). The 

parameters, viz., ɛr and tan δ are found to increase with the increase in 

temperature. This result indicates that the NaF crystal grown in the present 

study exhibits a normal dielectric behavior. 

 The higher dielectric constants observed at low frequencies can be 

attributed to the presence of all types of polarizations, viz., electronic, ionic, 

orientational and space charge. In a dielectric crystal, the space charge 

contribution at lower temperature and higher frequency is expected to be 

small and negligible. The electronic and ionic displacements under an applied 

electric field contribute to the electronic and ionic polarizations respectively. 

In ionic crystals, due to the large forbidden energy gap, the charge transported 

by electrons is zero. Moreover, the electronic polarizability practically 

remains constant. It can be seen that the high frequency and low frequency 

permittivities significantly differ and the ionic polarization is found to be very 

large. In hydrogen bonded dielectric crystals like NaF, large amount of proton 

transport (leading to large ionic polarization) is expected. Moreover, increase 

in temperature leads to the possibility of weakening the hydrogen bonding 

system due to rotation of the formate ions. This is expected to generate vacant 

hydrogen bonds (L-defects) at higher temperature. So, the increase in 

dielectric constant with temperature is essentially due to the temperature 

variation of ionic polarizability. It can be seen that the normal dielectric 

behavior exhibited by the NaF crystal, considered in the present study, can be 

explained by the above features. 
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Figure 6.9 (a) Variation of dielectric constant with frequency and 

 temperature for NaF crystal 

 

Figure 6.9 (b) Variation of dielectric loss factor with frequency and 

 temperature for NaF crystals 

 

6.11 CONCLUSION 

 Optically transparent, colorless and good quality single crystals of 

anhydrous sodium formate (NaF) have been grown by the solvent evaporation 

method at 40 ˚C. The sharp and high intensity peaks observed through PXRD 

analysis confirm the crystallinity of the crystal and it crystallizes in the 

monoclinic system with the centro-symmetric space group C2/c. The 
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functional groups present in the NaF crystal were identified and assigned by 

the FTIR spectral analysis. The NaF crystal shows transmittance more than  

54 % in the visible and NIR regions and a lower absorption edge (225 nm). 

The NaF crystal shows third order optical non-linearity and is expected to be 

useful in photonics devices. It shows no SHG efficiency which is in good 

agreement with the PXRD data, since the centro-symmetric crystal doesn’t 

show SHG efficiency. The thermal analysis shows that the NaF crystal is 

thermally stable up to 318 ˚C. The microhardness measurement shows that the 

crystal follows reverse indentation size effect and it belongs to the soft 

material category. The observed higher ɛr values indicate that the NaF crystal 

grown in the present study may find an important place in the capacitor 

technology. 
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CHAPTER 7 

SUMMARY, CONCLUSIONS AND FUTURE WORK 

 

7.1 SUMMARY AND CONCLUSION  

 The ultimate aim of the crystal growers is to grow perfect good 

quality single crystals for the applications in the laser technology. Non-linear 

optical (NLO) materials have been studied by many research groups around 

the world due to their applications in laser technology. These materials 

operate on light to produce very fast electronic switching and computing 

circuits. It is also used in many applications such as optical computing, 

telecommunications, optical interconnects, high density data storage, sensors, 

image processing and switching. Organic, inorganic and semi-organic 

materials are widely available to grow crystals. Among the three materials, 

the semi-organic materials have overcome the drawbacks of both organic and 

inorganic and it combines the good qualities of these materials. Among the 

various techniques of crystal growth, the simplest and easiest method is the 

low temperature solution growth method. The main application of low 

temperature solution growth method is to minimize the defects arising due to 

thermal fluctuations and to grow good quality crystals for optical applications.  

 In the present study, we have successfully grown the semi-organic 

crystals such as potassium acid (hydrogen) phthalate (KAP) doped with 

amino acid, sodium acid (hydrogen) phthalate (NaAP), mixed potassium 

sodium phthalate (KNaP) and sodium formate (NaF) crystals. The grown 

crystals were characterized by X-ray diffraction, spectral, optical, thermal, 
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mechanical and dielectric analyses. The reason behind the selection of 

phthalate and formate crystals was the alkali metal acid phthalate (MAP) 

crystals are the potential candidates for NLO and electro-optic applications. 

The metal formate crystals of group I and II in the periodic system exhibit 

non-linear optical applications.  

 KAP crystals doped with amino acids (ʟ-histidine, ʟ-citrulline and 

ʟ-aspartic acid) in three different concentrations (1, 5 and 10 mole %) were 

grown by the solvent evaporation method at 32 ˚C. The grown crystals were 

in good quality, atmospherically stable, colorless and transparent. The PXRD, 

FTIR, FT-Raman and elemental analyses confirm the basic material of all the 

grown crystals as KAP and also the incorporation of amino acid molecules 

into the KAP crystal matrix in the doped crystals. All the crystals exhibited 

good transmittance for wide wavelength range starting from 300 -1200 nm. 

The doping increased the optical transparency and SHG efficiency 

significantly. Also the grown crystals exhibited greenish emission with good 

yield at 523 nm. All the grown crystals are found to be thermally and 

mechanically stable and the amino acid doped crystals were more suitable for 

the fabrication of photonic and opto-electronic devices. The dielectric studies 

showed that the grown crystals obey the normal dielectric behavior and the 

low value of dielectric loss factor denotes that the doping increases the quality 

of the KAP crystal. 

 The single crystals of a semi-organic NLO material NaAP was 

grown from aqueous solution by the solvent evaporation and the slow cooling 

method. The grown crystal was confirmed by the powder XRD analysis and 

compared with the JCPDS data. Presence of various functional groups was 

identified by FTIR spectral analysis. The optical analysis showed that UV cut-

off wavelength of NaAP is at 300 nm and it has a wide transparency window 

in the visible and NIR region. The SHG efficiency of the grown crystal was 

observed to be 0.9 times that of KDP. Thermal analysis was performed to 
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study the thermal stability of the grown crystals and it was stable up to 113 

˚C. The microhardness measurements at different loads showed that as–grown 

crystal exhibits the reverse indentation size effect in which the hardness value 

increases with the increasing load and the crystal belongs to the soft material 

category with the n value of 3.25. The dielectric properties of the crystal were 

also determined.   

 Single crystals of mixed potassium sodium phthalate (KNaP) were 

successfully grown by solvent evaporation technique at 40 ˚C using two 

different precursors. The grown crystal was highly transparent and slightly 

hygroscopic in normal atmosphere. The presence of potassium and sodium in 

the crystals was confirmed by AAS analysis. The mixed KNaP crystal 

belongs to the trigonal system with the centrosymmetric space group P  1c. 

The powder X-ray diffraction study shows the crystalline perfection of the 

crystal. The observed FTIR spectrum confirms the presence of functional 

groups present in the crystal. Optical studies reveal that the grown KNaP 

crystal have good transmission window from 300 – 1200 nm. The SHG 

relative efficiency was found to be 0.93 times that of KDP. So the crystals are 

expected to be useful in opto-electronic and photonic devices. The thermal 

stability of the crystal was determined as 71 °C using TG/DTG analysis.  The 

reverse indentation size effect for the KNaP crystal was confirmed from 

Vicker’s microhardness mechanical studies. Dielectric measurements indicate 

that KNaP crystal has high values of dielectric constant and dielectric loss 

factor. It indicates that the crystal is expected to be useful in capacitor 

technology. 

 The sodium formate (NaF) was synthesized and the single crystals 

were grown by solvent evaporation technique. The crystal was maintained at 

40 ˚C to avoid forming the dihydrate and to improve the thermal stability. 

Powder X-ray diffraction study indicates that the crystal belongs to the 

monoclinic system with centrosymmetric space group C2/c. The powder XRD 
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pattern was compared and indexed using the JCPDS data. Linear optical 

spectrum elucidates that the NaF crystal has good transmission window 

between 225 and 1200 nm. The NaF crystal shows third order non-linear 

optical property and it is expected to be useful in photonic applications. 

Thermal study shows that the NaF crystal was thermally stable up to 318 ˚C. 

Mechanical studies reveal that Vicker’s microhardness number increases with 

applied load and the crystal belongs to the soft material category. Mechanical 

studies reveal that Vicker’s microhardness number increases with applied 

load. The dielectric constant and dielectric loss factor of NaF crystal at 

different frequencies and temperatures were determined. 

7.2 FUTURE WORK 

 In the present investigations, experimental works have been carried 

out on semi-organic nonlinear optical KAP, NaAP, KNaP and NaF crystals 

with favorable optical and mechanical properties. It is the necessity to grow 

large crystals for the fabrication of devices. So, one can make an attempt to 

grow the above mentioned crystals by unidirectional grown SR method with 

high optical quality and lesser defects. Slotted ampoule SR method has given 

high quality single crystals. Also, laser induced damage threshold studies can 

be carried out for the above grown crystals in order to find out suitability of 

the crystal in laser applications. 

 Phase matching studies can be carried out for single crystals of 

KAP and NaAP. Both crystals possess SHG efficiency compared to KDP and 

hence attempts can be made to fabricate second harmonic generators. 

Similarly, electro-optic, piezoelectric, ferroelectric and pyroelectric effects 

can be studied and hence may be taken up for further research. 
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