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Preface 
 

Nonlinear optics is a broad field of research and technology that 

encompasses subject matter in the field of Physics, Chemistry, and Engineering. 

It is the branch of Optics that describes the behavior of light in nonlinear media, 

that is, media in which the dielectric polarization P responds nonlinearly to the 

electric field E of the light. This nonlinearity is typically only observed at very 

high light intensities. This area has applications in all optical and electro optical 

devices used for communication, optical storage and optical computing. Many 

nonlinear optical effects have proved to be versatile probes for understanding 

basic and applied problems. Nonlinear optical devices use nonlinear dependence 

of refractive index or absorption coefficient on the applied field. These nonlinear 

optical devices are passive devices and are referred to as intelligent or smart 

materials owing to the fact that the sensing, processing and activating functions 

required for optical processes are inherent to them which are otherwise separate 

in dynamic devices. 

The large interest in nonlinear optical crystalline materials has been 

motivated by their potential use in the fabrication of all-optical photonic devices. 

Transparent crystalline materials can exhibit different kinds of 

optical nonlinearities which are associated with a nonlinear polarization. The 

choice of the most suitable crystal material for a given application is often far 

from trivial; it should involve the consideration of many aspects. A high 

nonlinearity for frequency conversion of ultra-short pulses does not help if the 

interaction length is strongly limited by a large group velocity mismatch and the 

low damage threshold limits the applicable optical intensities. Also, it can be 

highly desirable to use a crystal material which can be critically phase-

matched at room temperature. 

http://www.rp-photonics.com/nonlinearities.html
http://www.rp-photonics.com/nonlinear_polarization.html
http://www.rp-photonics.com/group_velocity_mismatch.html
http://www.rp-photonics.com/critical_phase_matching.html
http://www.rp-photonics.com/critical_phase_matching.html
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 Among the different types of nonlinear crystals, metal halides and 

tartrates have attracted due to their importance in photonics. Metal halides like 

lead halides have drawn attention because they exhibit interesting features from 

the stand point of the electron-lattice interaction .These materials are important 

for their luminescent properties. Tartrate single crystals show many interesting 

physical properties such as ferroelectric, piezoelectric, dielectric and optical 

characteristics. They are used for nonlinear optical devices based on their optical 

transmission characteristics. Among the several tartrate compounds, Strontium 

tartrate, Calcium tartrate and Cadmium  tartrate have received greater attention 

on account of their ferroelectric, nonlinear optical and spectral characteristics. 

The present thesis reports the linear and nonlinear aspects of these crystals and 

their potential applications in the field of photonics. 

 

Chapter 1 will mainly focus on the optical nonlinear crystals and the various 

optical nonlinear processes .Different types of nonlinear optical processes like 

Second Harmonic Generation, Optical Kerr effect, Self-phase modulation, Two 

photon absorption etc. are  explained in this chapter .The experimental 

techniques used to identify these nonlinearities are  discussed in detail. The 

theory of open aperture Z-scan technique is  described.  Relevant aspects of the 

choice of a nonlinear crystal and their various applications are  mentioned. The 

peculiarities of the lead halides and metal tartrates crystals used in the present 

studies are also  explained. The advantage of gel method for the preparation of 

these crystalline materials and the role  of X-ray diffraction in the 

characterization of the samples are  also discussed in this chapter. The theory and 

experimental methods of Thermal lensing for the non radiative decay studies  are 

also   explained in detail . 

 

 



xvii 

 

Chapter 2 discusses the synthesis of Lead Bromide (PbBr2) crystals by solution-

gel technique. Gels are formed from the suspension of the solution by the 

establishment of a three-dimensional system of cross linkages between the 

molecules of one component. The structural characterization of PbBr2 by X-ray 

diffraction studies is also mentioned in this chapter. Optical absorption studies 

are carried out using linear absorption measurements on these crystalline 

material. The details of determination of the optical band gap is also discussed. 

Photoluminescence studies on these PbBr2 samples show the emission 

characteristics at different excitations. Non radiative emissions are also possible 

from these crystal samples which are identified using thermal lens experiment. 

Nonlinearity of the material is studied using the highly sensitive Z-scan 

experimental technique. The absorptive nonlinear measurements are used for 

optical limiting studies on PbBr2 is also described in this section. 

 In Chapter 3, the spectral and optical nonlinear studies carried out on Lead 

Chloride (PbCl2) crystals are discussed. PbCl2 is the model material from heavy 

element halogenide group since it satisfies high birefringence, low attenuation 

coefficient and wide transparency range. Silica hydrogel is used to grow good 

quality single crystals of PbCl2 because of its better suitability compared to other 

organic gels. Five different types of PbCl2 sample crystals are prepared 

employing ultraviolet, infrared radiations, electric and magnetic fields. Optical 

characteristics including absorption and fluorescence emissions on these 

materials are also studied. Open aperture Z-scan measurements of transmittance 

reveal the reverse saturable absorption behaviour of the five PbCl2 samples in 

solution phase. Thermal diffusivity studies are also carried out and the results are 

discussed in detail. 

 The main focus of chapter 4 is on the studies of Lead Fluoride (PbF2) crystals. 

It discusses the synthesis, linear and nonlinear measurements on three types of 

PbF2 crystal samples. The samples PbF2-UV and PbF2-IR are synthesized by 

irradiating with UV and IR radiations. The structural studies confirm the 
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crystallanity and the spectral characteristics are also investigated. Fluorescence 

spectroscopy reveals the luminescence aspects of the sample crystals. Bahae’s 

method illustrates the optical nonlinearity in the respective samples which is also 

described in this section. The lens like characteristics of the samples are 

exploited using mode matched thermal lensing technique. 

 Chapter 5 describes the synthesis and characterizations of gel derived Calcium 

Tartrate crystals. Calcium Tartrate (CaTT) crystals belonging to the 

orthorhombic system exhibit different kinds of optical nonlinearities which are 

associated with a nonlinear polarization. The CaTT crystals are synthesized 

using electric and magnetic fields and their structural characteristics are given in 

this chapter along with that of the pure sample. Band gap plots of these crystals 

are explained in detail and the direct gap values are tabulated.  Heat transfer 

mechanism on the electric and magnetic field applied samples are described in 

this section. The positive and negative values of nonlinear absorption 

coefficients are measured and discussed. The peak response of transmittance 

curve for these CaTT crystals show saturable absorption behaviour. 

Chapter 6 explains the synthesis, optical, non-radiative decay and nonlinear 

studies of Strontium Tartrate (SrTT) crystals. The emission studies against 

different excitations are carried out by taking the room temperature fluorescence 

spectra of these SrTT samples using a Cary Eclipse fluorescence 

spectrophotometer. Two photon absorption mechanism of these crystalline 

materials are studied using a Q-switched laser of 532 nm through a method  

based on the principle of spatial beam distortion. The SrTT samples have smaller 

thickness compared to the diffraction length of the focused beam.  Nonlinearity 

of these crystals are measured at different laser powers and the values of 

nonlinear absorption coefficients are calculated. The switching and limiting 

responses are also described here. 

 

http://www.rp-photonics.com/nonlinearities.html
http://www.rp-photonics.com/nonlinear_polarization.html
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Chapter 7 presents the linear and nonlinear studies on Cadmium Tartrate 

(CdTT) crystals prepared by solution–gel method. It also gives the details of  

temperature rise produced in the sample as a result of non radiative relaxation of 

the energy absorbed from a laser .This is studied using the dual beam mode 

matched thermal lens technique. This section presents the  small-volume sample 

capability and dependency on thermo-optic properties of solvents. Thermal 

diffusivity of CdTT crystals are determined employing a TEM00 Gaussian laser 

beam as the excitation source. The Z-scan experimental traces without an 

aperture on these samples exhibit the response of transmittance and hence the 

limiting thresholds are evaluated. 

The general conclusions of the present work  and future prospects are discussed 

in chapter 8. 
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Chapter 1 

Nonlinear Crystals and Optical Nonlinear Processes 

                                              

Abstract 

This chapter gives a general introduction to the different types of optical 

nonlinear processes. The peculiarities of nonlinear crystals and their selection 

criteria have also been discussed. A nonlinear optical crystal can be selected for 

a frequency conversion depending upon its ability to obtain high conversion 

efficiency. The importance of lead halides and metal tartrate crystals in the field 

of photonics is also presented in this chapter. The relevance of solution- gel 

method for the preparation of these crystalline materials and the role of X-ray 

diffraction in the structural characterization of the samples are also discussed. 

The experimental methods of Thermal lensing for the non radiative decay 

studies   are   explained. The theory and experimental method of optical 

nonlinear measurements by z-scan technique have been discussed. 
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1.1  Introduction 

A nonlinear crystal is an optical material that possesses a strong nonlinear 

dielectric response function to optical radiation. The large interest in nonlinear 

optical crystalline materials has been motivated by their potential use in the 

fabrication of all-optical photonic devices [1]. Transparent crystalline materials 

can exhibit different kinds of optical nonlinearities which are associated with 

a nonlinear polarization [2]. Crystalline materials with second order nonlinearity 

are mainly used for parametric nonlinear frequency conversion .The frequency 

doublers and optical parametric oscillators belong to this category. Crystals 

exhibiting a third order nonlinearity via Kerr effect are well suited for electro-

optic modulators. The choice of the most suitable crystalline material for a given 

application should involve the consideration of many aspects. For example, a 

high nonlinearity for frequency conversion of ultra-short pulses does not help if 

the interaction length is strongly limited by a large group velocity mismatch and 

the low damage threshold limits the applicable optical intensities. Also, it can be 

highly desirable to use a crystalline material which can be critically phase-

matched at room temperature, because noncritical phase matching often involves 

the operation of the crystal in a temperature-stabilized crystal oven [3].  

1.1.1 Relevant Aspects for the Choice of Nonlinear Crystals 

Many different properties of a nonlinear crystal can be important for an 

application [4-7]. A nonlinear optical crystal can be selected for a frequency 

conversion depending upon its ability to obtain high conversion efficiency. The 

conversion efficiency is related to the effective nonlinear coefficient (deff), 

crystal length (L), input power density (P) and phase mismatch .In general, 

higher power density, longer crystal length, larger nonlinear coefficients and 

smaller phase mismatch will result in higher conversion efficiency. However, 

there is always some limitation coming from nonlinear crystals and lasers. For 

example, the deff is determined by the nonlinear crystal itself and the input power 

http://www.rp-photonics.com/nonlinearities.html
http://www.rp-photonics.com/nonlinear_polarization.html
http://www.rp-photonics.com/nonlinear_frequency_conversion.html
http://www.rp-photonics.com/frequency_doubling.html
http://www.rp-photonics.com/optical_parametric_oscillators.html
http://www.rp-photonics.com/kerr_effect.html
http://www.rp-photonics.com/electro_optic_modulators.html
http://www.rp-photonics.com/electro_optic_modulators.html
http://www.rp-photonics.com/group_velocity_mismatch.html
http://www.rp-photonics.com/critical_phase_matching.html
http://www.rp-photonics.com/critical_phase_matching.html
http://www.rp-photonics.com/noncritical_phase_matching.html
http://www.rp-photonics.com/crystal_ovens.html
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density have to be lower than the damage threshold of crystal. Therefore, it is 

important to select a right crystal for our applications. In the following table we 

list the laser and crystal parameters for selecting the right crystals for NLO 

processes[1-7]. 

 

  

 

 

Figure 1.1: A typical crystal for stimulated Raman scattering 

The figure 1.1 shows a crystal of Barium Nitrate - Ba(NO3)2 and undoped 

potassium gadolinium tungstate KGd(WO4)2 or KGW which have attracted 

much interest as most suitable for stimulated Raman scattering (SRS). Among 

the different types of nonlinear crystals, metal halides and tartrates have attracted 

due to their importance in photonics. 

Table 1.1 Laser and Crystal parameters for the selection  

of a suitable crystal 

Parameter for NLO Crystal Selection 

Laser Parameters Crystal Parameters 

NLO Process  Phase-Matching Type and Angle, deff 

Power or Energy, Repetition Rate  Damage Threshold 

Divergence Acceptance Angle 

Bandwidth Spectral Acceptance 

Beam Size Crystal Size, Walk-Off Angle 

Pulse Width Group Velocity Mismatching 

Environment Temperature Acceptance, Moisture 
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1.2  Lead Halide Nonlinear Crystals 

Lead Halides have drawn attention of many workers because they 

exhibit interesting features from the stand point of the electron-lattice interaction 

[8-21].These materials are important for their luminescent properties [22]. 

Nonlinear optical (NLO) materials like lead halides have enormous potential 

applications on the technological front which include optical limiting, optical 

switching, optical data processing and optoelectronic device fabrication [23]. 

They have also been used as bistable devices and are good candidates for making 

prototype detectors for x-ray imaging [24-25].  The second order NLO effect in 

the molecules originates from a non-centro symmetric structure. Among several 

compounds reported for NLO property, Lead derivatives are noticeable materials 

for their excellent crystallizability. Large magnitude of third order nonlinearity 

and ultrafast response are required to make ultrafast optical switches. Recent 

device modeling suggests that heavy atom materials can be optimized for optical 

limiter designs [26].The comparatively large nonlinearity of these materials can 

also be exploited for all optical switching applications, quantum information 

processing and integrated all optical signal processing due to their instantaneous 

nonlinear response with light interactions[27].Compared to dynamic devices 

these NLO materials are passive devices and are referred to as intelligent or 

smart materials owing to the fact that the sensing processing and activating 

functions required for optical limiting or switching actions are inherent to them 

which are otherwise separate in dynamic devices[28-30]. The low threshold of 

these materials for nonlinear response is of much importance as they could be 

used for the protection of human eye from the laser effects. 

1.2.1. Metal Tartrate Crystals 

Tartrate single crystals show many interesting physical properties such 

as ferroelectric, piezoelectric, dielectric, optical and other pertinent 
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characteristics [31-34]. They are used for nonlinear optical devices based on 

their optical second harmonic generation, optical transmission characteristics, 

fabrication of crystal oscillators and resonators and controlled laser emission 

[35-37]. Among the several tartrate compounds, Strontium Tartrate, Cadmium 

Tartrate and Calcium Tartrate have received greater attention on account of their 

ferroelectric, nonlinear optical and spectral characteristics [38-39]. Calcium 

tartrate crystals are well known for their ferroelectric properties in pure as well 

as doped forms [40]. Strontium tartrate is an important member of the tartrate 

family having device applications [40-42].  Growth of mixed crystals of various 

compositions is a fast growing field of research because of the great need of such 

crystals for several applications. Recent focus is on tartrate mixed crystals which 

constitute a very interesting system for academic and research studies. M. Mary 

Freeda et al reported the growth of mixed crystals of Strontium Calcium Barium 

(SCBT) tartrate by gel method[37] .The structural, spectral, optical, chemical, 

dielectric and mechanical characterization of the grown crystals by single crystal 

and powder XRD studies, FTIR, optical absorption studies, SHG efficiency 

measurement, energy dispersive analysis, dielectric and micro hardness studies 

are also reported[43-50]. 

1.3 Growth Mechanism -Gel Technique 

 A gel may be defined as a two component system of a semi-solid nature 

rich in liquid. Gels and gelatin are very important in medicine, biology etc., 

because plants and animals are mainly composed of gels. A gel can also be 

regarded as a loosely interlinked polymer. Silica hydrogel, gelatin gel, agar, clay 

gel, soap fluid, polyacrylamide, dense solution of metal hydroxides, poly vinyl 

alcohol, oleates, sterates, aluminates etc. are materials that can be categorized as 

gels and a sol subjected to a number of treatments such as warming, cooling, 

chemical reaction, addition of external reagents can be used for gelation [51-55]. 
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Henisch explained the use of gel to grow the crystals. Chemical reaction, 

chemical reduction, complex dilution and reduction of solubility are the popular 

methods of crystal growth in gel. The crystals of sulphates, tartrates, molybdates, 

barium oxalates and iodates were grown by chemical reaction method [56-59]. 

KDP and ADP crystals were grown by reduction of solubility method. Günter P. 

et al reported non centro symmetry in CaC4H4O6 · 4H2O crystals by nonlinear 

optical measurements [60].  

1.3.1 Advantage of Gel method 

 The gel technique is in fact, the method of growing crystals when the 

material decomposes at temperature below their melting points and also for those 

not having suitable solvents for crystallization. The gel method has unique 

characteristic of suppression of nucleation centers [57]. The main advantage of 

this method lies in the simplicity with which strain-free perfect crystals can be 

obtained at low temperatures. For a certain class of substances which have very 

slight solubilities in water and enormously high melting points or which 

decomposes on heating, and cannot be satisfactory grown from the melt or from 

the vapour, the gel method offers a reasonable prospect, of success. The gel 

method is ideally suited for doping studies. The classical gel method is usually 

useful for substances having low solubility and low dissociation temperature. 

Crystals which are grown in gels can be easily observed if the gel is transparent. 

The gel method also offers possibilities for studies on the dependence of 

polytypism on the parameters of crystal growth. However the quality of crystals 

grown in gel is good but the size is invariably small compared to other methods. 

1.3.2 Applications of the Gel-grown crystals 

 The technique is widely used by several investigators to grow crystals 

having a variety of properties. Gel-grown crystals are used to study new research 

applications such as electron spin resonance measurement of Mn
2+

 in calcium 
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tartrate. A lot of work has been done on gel grown lead iodide to clarify its 

complicated band and defective structures and also polytypism. The gel method 

is capable of yielding crystals of high optical perfection and wide morphology 

[59-60]. The growth of crystals for ferroelectric and laser applications is one of 

the important uses of the gel technique. 

 The gel method has proved to be an aid in the success of research in 

crystal physics. A factor to be inquired into is the chemical role played by 

internal gel surfaces and the extent to which it is governed by the structure of the 

gel. Various applications that single crystals find in modern devices, from 

miniature transistors to massive computers, have created new demands for 

perfect crystals. The gel method is capable of yielding such single crystals. The 

realization of the scope and utility of the gel method is growing in the field of 

medical sciences. Facts about polytypism can easily solve problems of crystal 

structure. The gel method offers new possibilities of such studies.  

1.4 Structural Characterization by X-ray Diffraction Studies 

 X-ray diffraction has provided a wealth of important information to 

science and industry. For example X-ray diffraction technique was employed to 

identify the crystal growth. The X-ray diffraction provides sufficient information 

in determining the dimension of the unit cell of the crystal lattice and the atomic 

arrangement within the cell. X-ray diffraction provides a convenient and 

practical means for the qualitative identification of crystalline compounds. This 

application is based on the fact that the X-ray diffraction pattern is unique for 

each crystalline substance. The basic X-ray diffractometer consists of an X-ray 

generator including a tube for deriving necessary radiations [61].     

 The phenomenon of X-ray diffraction by crystals results from a 

scattering process in which X-rays are scattered by constituent atoms without 

change in wavelength. Further analysis leads to knowledge of the size, shape and 

orientation for the unit cell. Out of the various possible XRD methods, the 
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powder method is of special importance since it is the only technique which is 

readily applicable to all crystalline materials. A powder pattern is obtained when 

X-rays are diffracted by a sample consisting of very large number of randomly 

oriented crystalline particles, i.e., a powder sample.  

 The powder method is the only technique which can be used with that 

large class of substances which cannot be obtained easily in the form of perfect 

crystal of appreciable size. In this method a monochromatic X-ray beam is used 

and instead of using a single crystal, fine powder having random chaotic 

characterization are used. Such a powder requires no rotation because every 

atomic plane is present in every possible orientation and hence the diffraction 

depends upon the fact that in a fine powder the grains are arranged in an entirely 

chaotic manner. The crystal was identified by comparing the inter planar spacing 

and intensities of the powder pattern with the pattern in JCPDS index file.  

1.5 Optical Linear Studies 

1.5.1Optical Absorption Spectroscopy                  

The optical absorption measurements are governed by the Beer- Lambert Law 

and the absorbance is given as[62] 

A = log (I0/I) =£cl   for a given wavelength 

A =  absorbance 

I0 = intensity of light incident upon a sample cell                                                    

I =  intensity of light leaving the sample cell 

C =  molar concentration of the solute 

l =  length of sample cell (cm) 

£ = molar absorptivity 
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1.5.2 Optical Band gap 

The band gap is the energy difference between the lowest point of the 

conduction band and the highest point of the valance band. The band gap in 

materials can be direct or indirect [63]. The threshold of the optical absorption 

determines the band gap. In the direct absorption process a photon is absorbed 

by the crystal with the creation of an electron and a hole. But in the indirect 

absorption process the minimum energy gap involves electrons and holes 

separated by a substantial wave vector. The materials for which the valence band 

maximum and the conduction band minimum correspond to the same 

momentum are called direct band gap materials. Materials for which this is not 

the case are known as indirect band gap materials. A transition between the top 

of the valance band and bottom of the conduction band in an indirect band gap 

material requires a substantial change in the electron’s momentum [63-65].This 

has important consequences for optical transitions between these two bands 

induced by absorption or emission of photons. Direct band gap materials are 

efficient light emitters compared to indirect band gap ones. 

 

 

 

 

Figure.1.2 Schematic of Direct and Indirect band gaps of a crystalline material 

1.5.3 Photoluminescence Studies 

Photoluminescence is the phenomena which involves the absorption of energy 

and subsequent emission of light. If the time delay between absorption and re 

emission is less than 10
-8

s, the material is fluorescent in nature. In luminescence, 
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the exciting photons have generally greater energy than the emitted photons [61]. 

Fluorescence occurs when an orbital electron of a molecule, atom 

or nanostructure relaxes to its ground state by emitting a photon of light after 

being excited to a higher quantum state by some type of energy.  The specific 

frequencies of excited and emitted light are dependent on the particular system. 

[61,63]. The efficiency of luminescence is closely related to the de excitation 

dynamics of atoms[66].The luminescence is down shifted in frequency related to 

the absorption through an effect known as Stokes shift. Figure 1.3 represents a 

schematic representation of fluorescence emission process. 

 

 

 

 

 

Figure.1.3: A schematic diagram of Fluorescence emission 

1.5.4   Heat transfer mechanism in crystals by Thermal lens 

Technique  

 Photo thermal spectroscopy is a group of high 

sensitivity  spectroscopic  techniques used to measure optical absorption and 

thermal characteristics of a sample. The basis of photo thermal spectroscopy is 

the change in thermal state of the sample resulting from the absorption of 

radiation [67]. Light absorbed and not lost by emission results in heating. The 

heat rises temperature thereby influencing the thermodynamic properties of the 

sample or of a suitable material adjacent to it. Measurements of the temperature, 

pressure, or density changes that occur due to optical absorption are ultimately 

http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Nanostructure
http://en.wikipedia.org/wiki/Ground_state
http://en.wikipedia.org/wiki/Photon
http://en.wikipedia.org/wiki/Excited_state
http://en.wikipedia.org/wiki/Spectroscopy
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the basis for the photo thermal spectroscopic measurements [68]. There are 

several methods and techniques used in photo thermal spectroscopy. Each of 

these has a name indicating the specific physical effect measured. 

 The thermal lens technique is based on measurement of the temperature 

rise that is produced in an illuminated sample as a result of non radiative 

relaxation of the energy absorbed from a laser. Because the technique is based 

on direct measurement of the absorbed optical energy, its sensitivity is higher 

than conventional absorption techniques [69]. However, advantages of the 

thermal lens technique are not only limited to its ultra-sensitivity but also include 

other unique characteristics such as small-volume sample capability and 

dependency on thermo-optical properties of solvents. The main focus is, 

however, on the instrumentation and applications based on unique characteristics 

of the technique. Specifically, the discussion begins with a description of 

different types of thermal lens configurations for e.g., the single-beam and 

double-beam instruments, differential, multi wavelength, thermal lens-circular 

dichroism instruments, and thermal lens microscope [70]. A detailed description 

of various applications including applications based on its ultra-sensitivity (eg; 

applications in environment, agriculture and food science, biochemistry and 

biomedicine, measurements in the near- and middle-infrared region, and kinetic 

determination), applications based on its small-volume capability (eg; 

microfluidic devices, detection for capillary electrophoresis), and applications 

based on exploitation of its dependency on thermo-physical properties of 

solvents to either determine physical properties of the solvent or to further 

enhance the sensitivity of the technique are available in the literature [71]. 

 

 

 

 

532 nm 
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Figure.1.4:Thermal lens experimental set up. 

 

 The experimental set up of TL is as shown in the above figure 1.4.  A 

532 nm diode pumped solid state laser, (DPSS) with a maximum power of 150 

mW is used as the excitation source. A 2mW He–Ne laser used as the probe is 

arranged to be collinear with the pump using a dichroic beam splitter. A chopper 

is used to modulate the pump beam intensity. The pump beam passing through 

the chopper is focused using an achromatic lens. The two beams are focused into 

the sample cell such that the beam area at the sample plane is the same for both 

pump and probe resulting in a mode matched TL configuration .The thermal lens 

is detected by coupling to a detector system through an optical fiber. The output 

signal from the detector is processed using a digital storage oscilloscope (DSO). 

Theory 

     The relative change in the beam intensity is proportional to the relative 

changes in power of the beam reaching the detector and hence is a direct 

measure of the thermal lens signal. If the beam is suddenly turn on at time t=0, 

the lens effect builds up with time so that the focal length follows the 

relation[71]. 

 ( )    ⌊  
  
  

⌋ 

Where tc is the thermal time constant and    is the focal length of the equivalent 

lens in a steady state determined by radial heat conduction given by 

   
    

  (
  
  

)
 

632.8 nm 
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Where k is the thermal conductivity, ω is the spot size, P is the laser power, A is 

the sample absorbance and 
  

  
 is the refractive index change with temperature. 

The time constant tc  relates to the thermal diffusivity D by 

   
  

  
 

The thermal diffusivity in the sample is detected by the effect on propagation of 

the probe beam aligned with the centre of the lens. The relation connecting 

intensity as a function of time is given by  

 ( )   ( )   
 

       
 

  

 (  
  
  )

  

Where I0 is the initial intensity and the parameter θ is related to the 

thermal power radiated as heat Pth through the relation given as  

 

where λ is the laser wavelength, k is the thermal conductivity and dn/dt is the 

refractive index gradient. 

1.6 Nonlinear optical processes 

           The behavior of light in a nonlinear medium is described by a branch of 

optics which is known as nonlinear optics. In a nonlinear medium the dielectric 

polarization P depends nonlinearly on the electric field E of the light. This 

nonlinearity is observed at very high light intensities such as those from a pulsed 

laser in order to provide the electric field comparable to interatomic fields, 

typically 10
8
 V/m. Nonlinear optics deals with the nonlinear interaction of light 

with matter and also describes the problems of light induced changes of the 

optical properties of a medium[72-74].  

The  observation of nonlinearity requires the application of lasers. 

Nonlinear optical effects are analyzed by considering the response of the 

 
dt

dn
k

pth


 
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dielectric material at the atomic level to the electric fields of an intense light 

beam [75]. The propagation of a wave through a material produces changes in 

the spatial and temporal distribution of electrical charges as the electrons and 

atoms interact with the electromagnetic fields of the wave. A parametric non-

linearity is an interaction in which the quantum state of the nonlinear material is 

not changed by the interaction with the optical field [76-77]. 

Each nonlinear optical process consists of two parts. The first part gives 

the induction of a nonlinear response in the medium by the intense light. The 

second part is the modification of optical fields by the reaction of the medium in 

a nonlinear way. Nonlinear properties in optical region are demonstrated by the 

harmonic generation of light observed for the first time by Franken and 

coworkers in 1961[78].The major nonlinear optical processes involve the 

following. 

1.6.1 Second harmonic Generation 

When an intense laser beam travels through a nonlinear optical medium, 

a frequency doubling occurs. Thus a polarization oscillating at frequency 2ω 

radiates an electromagnetic wave of the same velocity as that of the incident 

wave. This wave has the same characteristics of directionality and 

monochromacity as the incident wave and is emitted in the same direction. This 

phenomenon is known as the second harmonic generation (SHG) [78]. The 

nonlinear polarizability χ
 (2)

 of the crystalline materials depends on the direction 

of propagation, polarization of the electric field and the orientation of the optic 

axis of the crystal. Schematic of second harmonic generation is illustrated in the 

figure 1.5 [79]. 

 

 

http://en.wikipedia.org/wiki/Quantum_state
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 Figure.1.5. Schematic of second harmonic generation 

In a nonlinear media the relation connecting the polarization P and the electric 

field E is given as follows [78-79] 

P=0 [χ
 (1)

E + χ
 (2)

E
2
+ χ

 (3)
 E

3
+…] 

where χ
 (1)

 is linear optical susceptibility and χ
(2)

 , χ
(3)

 … represent the nonlinear 

susceptibilities. 

Centro-symmetric crystals and isotropic medium like liquids or gases do not 

possess second harmonic generation. Anisotropic crystals such as uniaxial 

crystals possessing non-centro symmetry give second harmonic generation. 

If the medium exhibits a second order nonlinearity, then the relation between P 

and E can be written as                     

P= 0  χ
 (1)

E + 0  χ
 (2)

E
2 

1.6.2. Sum and Difference Frequency Generation 

If two light waves having different frequencies ω1 and ω2 enter into a 

nonlinear medium and generate a light of frequency which is the sum of the two 

incident frequencies, then the process is termed as a sum frequency generation. 

The generation of light with a frequency which is the difference between the 

incident frequencies is known as difference frequency generation [79].  

Suppose there are two distinct frequency components incident on a nonlinear 

medium , 

then * *

1 1 1 1 2 2 2 2( ) exp( ) exp( ) exp( ) exp( )E t E i t E i t E i t E i t        
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Therefore 

            

 

 

 

1.6.3. Optical Parametric Oscillation 

The generation of a signal and idler waves using a parametric amplifier 

in a resonator is called optical parametric oscillation. In this process, a nonlinear 

crystal is placed in an optical resonator which is tunable because any frequency 

ω2 taken as the signal can satisfy the condition  ω2+ ω3= ω1 for frequency ω3. 

Here ω3 represents  the idler wave  and ω1 is the pump frequency[79]. The 

application of optical parametric oscillators includes light detection and ranging 

(LIDAR), high-resolution spectroscopy, medical research, environmental 

monitoring, display technology, and precision frequency metrology. 

 

        

 

Figure.1.6.Optical parametric oscillator 

 

 

1.6.4. Optical Parametric Amplification 
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Optical parametric amplification is the amplification of a signal input in 

the presence of a high frequency pump wave and can be considered as a 

difference frequency generation. Optical parametric amplification is initiated by 

a single pump beam [73]. An optical parametric amplifier consists of both the 

signal and idler waves coupled through a nonlinear crystal. This process can be 

treated as a three wave mixed amplifying process. 

1.6.5. Third Harmonic Generation 

Third harmonic generation is possible in crystals that exhibit inversion 

symmetry. In this case the polarization vector P is related to the field strength E 

as follows [78] 

P=0 χ
 (1)

E + χ
 (3)

 E
3
+…….. 

or in vector notation 

P=0 χ
 (1)

E + 0 χ
 (3)

 E
2
E+……. 

 

Figure.1.7. Schematic of Third harmonic generation 

1.6.6. Optical Kerr Effect 

The polarization of a beam propagating in the medium can be changed 

by the optical field induced birefringence [79]. If a medium of asymmetric 

molecules is placed in an electric field, the molecules are aligned parallel to the 

field direction. This parallel alignment creates birefringence thereby changing 

the refractive index of the medium. The change in refractive index has a 

quadratic dependence on the electric field .Thus the Kerr effect can be treated as 

an intensity dependent refractive index or a effect. 
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1.6.7. Self-phase modulation 

The optical Kerr effect can produce a variation of refractive index in a medium 

by passing a very short pulse through it. A change in the frequency is obtained 

by a phase shift produced by the refractive index variation. Normal dispersion 

regions give redder portions of the pulses with very high velocity thereby 

causing the broadening of the pulse. This effect can be used for pulse 

compression. It is caused by the temporal variation in the intensity creating a 

temporal variation in the refractive index [73] 

Self-focusing - an effect due to the Optical Kerr effect and possibly 

higher order nonlinearities caused by the spatial variation in the intensity 

creating a spatial variation in the refractive index.,  Kerr-lens mode locking - the 

use of Self-focusing as a mechanism to mode lock laser, Optical phase 

conjugation, Stimulated Brillouin scattering, interaction of photons with acoustic 

phonons, Multi-photon absorption-simultaneous absorption of two or more 

photons, transferring the energy to a single electron and multiple photo 

ionization, near-simultaneous removal of many bound electrons by one photon 

etc. are other nonlinear processes[78-79]. 

1.7 Optical Nonlinear Measurements 

1 .7.1.Measurement of Nonlinear Absorption 

Bahae described a method by which the Z-scan technique can be used to 

determine both the nonlinear refractive index and the nonlinear absorption 

coefficient for materials that show such nonlinearities simultaneously [80]. 

Large refractive nonlinearities in materials are commonly associated with a 

resonant transition which may be of single or multi photon nature. The nonlinear 

absorption in such materials arising from either direct multi photon absorption, 

saturation of the single photon absorption, or dynamic free-carrier absorption 

have strong effects on the measurements of nonlinear refraction using the Z-scan 

technique. Z-scan with a fully open aperture is insensitive to nonlinear 
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refraction. Such Z- scan traces with no aperture are expected to be symmetric 

with respect to the focus at z = 0 where they have either a minimum 

transmittance or a maximum transmittance. The coefficients of nonlinear 

absorption can be easily calculated from such transmittance curves. In this case, 

the Z-scan transmittance is insensitive to beam distortion and is only a function 

of the nonlinear absorption.  

1.7.2     Z-Scan Technique  

M.S.Bahae et al demonstrated a single-beam technique that is sensitive 

to less than λ/300 nonlinearly induced phase distortion [80]. Several papers 

report the measurement of nonlinear refraction and transmittance using a variety 

of techniques including nonlinear interferometry, degenerate four-wave mixing, 

nearly degenerate three-wave mixing ,ellipse rotation and beam distortion 

measurements [81-87]. The first three methods, namely, nonlinear interferometry 

and wave mixing, are potentially sensitive techniques, but all require relatively 

complex experimental apparatus. Beam distortion measurements, on the other 

hand, are relatively insensitive and require detailed wave propagation analysis. 

The technique reported by M.S.Bahae here is based on the principles of spatial 

beam distortion, but offers simplicity as well as very high sensitivity [80].  

 

                         

Figure.1.8: Open aperture Z-scan experimental set-up 

Using a single Gaussian laser beam in a tight focus geometry, as 

depicted in the figure.1.8, the transmittance of a nonlinear medium was 

measured through a finite aperture in the far field as a function of the sample 

position z measured with respect to the focal plane. A material with a negative 

nonlinear refractive index and a thickness smaller than the diffraction length of 
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the focused beam can be regarded as a thin lens of variable focal length. The 

scan is started from a distance far away from the focus i.e.; a negative z, the 

beam irradiance is low and negligible nonlinear refraction occurs; hence, the 

transmittance remains relatively constant. As the sample is brought closer to 

focus, the beam irradiance increases, leading to self-lensing in the sample. A 

negative self-lensing prior to focus will tend to collimate the beam, causing a 

beam narrowing at the aperture which results in an increase in the measured 

transmittance. As the scan in z continues and the sample passes the focal plane to 

the right (positive z), the same self-defocusing increases beam divergence, 

leading to beam broadening at the aperture, and thus a decrease in transmittance. 

This suggests that there is a null as the sample crosses the focal plane. Induced 

beam broadening and narrowing have been reported [87-88]. 

1.7.3 Open aperture Z-scan experiment 

 Measurement of light transmittance without an aperture is termed as 

open aperture z-scan technique. Nonlinear absorption of a sample is manifested 

in the open aperture z-scan measurements. If nonlinear absorption like two 

photon absorption is present, it is indicated by the transmission minimum at the 

focal point. If the transmission increases with the increase in intensity, this 

results in a transmission maximum at the focal region. The transmission 

minimum gives a valley  and transmission maximum gives a peak in the 

transmittance traces. The valley nature of transmittance indicates the reverse 

saturable absorption (RSA) behaviour and the transmission peak shows the 

saturable absorption (SA). 



                                          Nonlinear Crystals and Optical  Nonlinear Processes 

21 

 

 

Figure.1.9 : (a) Reverse saturable absorption curve and (b) Saturable absorption 

curve of open aperture Z-scan 

1.7.4 Theory of Open aperture Z-scan experiment 

              In the absence of an aperture, transmitted light measured by the detector 

in a Z-scan experiment is not sensitive to phase variations of the beam and hence 

it can be neglected. The intensity dependent nonlinear absorption coefficient [80] 

                                                                                   

The irradiance distribution at the sample is given as 

 

where    

 

Leff is the effective thickness of the sample which is related to the linear 

absorption coefficient α and the sample length L as 

 

The total transmitted power,  
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and 

                                           

For a temporally Gaussian pulse, the time integration of the transmitted power 

P(z,t) gives the normalized energy transmittance T(z) as follows 

       

 

Nonlinear absorption coefficient is obtained from the fitting of the experimental 

results to equation (8). Nonlinear absorption coefficient β is inversely 

proportional to the incident laser intensity which is cleared from equation (7). 

If     q0      <1, the equation of energy transmittance can be simplified as 
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where m is an integer.  The value of q0 is obtained from the theoretical fit to the 

open aperture Z-scan experimental data. Using the values of nonlinear 

absorption coefficient β, the imaginary part of third order susceptibility χ
(3)

 can 

be calculated using the equation 

   

where λ is the excitation wavelength, 0 is the permittivity of free space,n0 is the 

linear refractive index of the sample and c is the velocity of light. Equation(10) 

gives the value of  Im(χ
(3)

) in units of m
2
V

-2
. 

      Saturable absorption(SA) occurs when a sample is excited at its resonant 

wavelengths. In this case β is negative due to the depletion of the ground state 

population. SA is characterized by a parameter called saturation intensity Is. The 
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simplest model to explain SA is a two level model in which the steady state can 

be expressed as 

 

Here  N is the concentration of the excited state molecules, Ng is the undepleted 

ground state concentration, σ is the absorption cross section, hν is the photon 

energy and τ is the excited state life time. The absorption coefficient α is 

proportional to ground state population i.e; 

α = σ (Ng-N) 

 In the presence of SA, intensity dependent absorption coefficient α(I) can be 

written as 

            

where  Is= hν/ σ τ     is the saturation intensity. 

The relation connecting nonlinear absorption coefficient β and Is is given by 

 

1.7.5. Closed aperture Z-scan experiment 

  Closed aperture z-scan method is based on the phenomena of self-refraction 

and self-phase modulation. In this experiment, the transmittance of the samples 

are measured through a finite aperture . The transmittance of the medium is 

taken along the z position in the far field. Two types of transmittance traces are 

obtained from the closed aperture z-scan method and are as shown in the figure 

1.10. A material with negative nonlinear refraction n2 exhibits a pre-focal peak 

followed by a post-focal valley[80,89]. In this case the diameter of beam 

decreases near the aperture  resulting in large amount of throughput near the 
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detector. If the material exhibits a positive nonlinear refraction, a pre-focal 

valley followed by a post-focal peak is obtained [89]. 

For a medium having third-order optical nonlinearity, the index of 

refraction n can be written as  

         

where n0 is the linear index of refraction, n2 the intensity 

dependent refractive index and I denotes the irradiance of the laser beam 

within the sample.  

Figture 1.10 shows a typical closed aperture response for (a) 

negative nonlinear refraction and (b) positive nonlinear refraction. 

 

Figure 1.10: (a) Negative nonlinear refraction and (b) Positive nonlinear 

refraction for closed aperture Z-scan curve 

A pre-focal transmittance valley and a post-focal transmittance 

peak is the Z-scan signature of positive refraction nonlinearity. A pre-

focal transmittance peak and a post-focal transmittance valley is the z-

scan signature of negative nonlinear refraction. For a positive n2, self-

focusing occurs. For negative n2, self-defocusing occurs. This is the case 

of nonlinear refraction (symmetric peak and valley) curve in the absence 

of nonlinear absorption 

The nonlinear phase change (  ), can be obtained by the best 

theoretical fit of experimental data using the equation  
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 (    )    
      

(    )(    )
                 

Where nonlinear phase change,       
      


 and x= z/z0, n is 

related to the nonlinear refraction coefficient, n2 through the relation,

  

Using the closed aperture measurement, the real part of third order susceptibility 

can be calculated. 

1.8 Nonlinear Absorption –Mechanism by Two-photon 

absorption  

The simultaneous absorption of two photons  from the ground state to a higher 

energy electronic state is known as two photon absorption (TPA). The 

simultaneous absorption of these photons  were taken from an incident radiation 

field [90]. The sum of the energies of the two photons gives the energy 

difference between the lower and upper states of the molecule. It is a nonlinear 

optical process since the absorption strength depends on the square of the 

light intensity. TPA is a third-order process which possesses several orders of 

magnitude weaker than linear absorption.   The order of TPA can be rationalized 

by considering a second order process that creates a polarization with the 

frequency doubling.  A schematic representation of two photon absorption 

process is as shown in figure 1.11 [78]. 

 

 

 

 

Inn 2
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Figure.1.11: TPA Energy level diagram 

Where E1 is the energy level corresponds to the ground state and E2 is 

the excited energy level. Two-photon absorption can be nonlinear 

transmission. Pulsed lasers are most often used because TPA is a third-order 

nonlinear optical process efficient at very high intensities. Single photon 

absorption occurs between opposite parity states. On the other hand, TPA occurs 

between states of same parity [78]. The probability of TPA is proportional to the 

fourth power of the electric field corresponding to the square of the intensity I 

and is given by the equation [91-101]. 

 

 where α is the linear absorption coefficient and β is the two photon absorption 

coefficient. 

and  

 

where   is the transition rate for TPA, I is the irradiance, w is the photon 

frequency and the thickness of the slice is dz [93]. 

To study the TPA phenomena, high intensity lasers are required. A frequency-

doubled Nd:YAG are used as the excitation sources[92-101]. 

1.9 Scope of the thesis 

 Nonlinear crystals have found many applications in different areas of 

optoelectronics.  The vast interest of these crystalline materials portray the 

importance of crystal growth studies in the nonlinear optics and photonics 

regime. Nonlinear photonic crystals have always been identified as strategic 

materials with a global business potential. These factors have lead the 

http://en.wikipedia.org/wiki/Pulsed_laser
http://en.wikipedia.org/wiki/Intensity_(physics)
http://en.wikipedia.org/wiki/Irradiance
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investigators to concentrate on the development of new varieties of crystals with 

high purity. In this modern scientific world, the theories and technologies are 

developed hand in hand to grow specific crystals for specific utilities. Making 

use of the tremendous advantages of the gel method we aim to prepare good 

quality crystals of Lead Halides and Metal Tartrates. Some of the lead halides 

and metal tartrates were shown to exhibit higher optical nonlinearity in the 

presence of external fields and beam irradiations[102]. In the case of lead 

chloride sample, the beam irradiation and field application  have impact on their 

optical linear and nonlinear aspects. But there is no valuable change in the 

nonlinear behaviour of lead bromide and lead fluoride crystals by the application 

of electric and magnetic fields. The beam irradiation does not alter the optical 

and nonlinear characteristics of metal tartrates. All the studies were carried out 

on super saturated solution of respective crystals. By employing the nonlinear 

measurements the role of these nonlinear crystals have been established in 

photonic applications.  

Conclusions 

In this chapter a general review on nonlinear crystals is presented .The works on 

nonlinear crystals by several researchers give a glimpse of knowledge about the 

utilities of these materials in various fields. The vast areas of nonlinear optics are 

also discussed. Various nonlinear processes are taking place in different metal 

compound crystals. The theory and experimentation of X-ray diffraction studies 

are briefly described. The experimental description of non-radiative decay 

studies by dual beam mode matched thermal lens technique are mentioned in this 

chapter. Nonlinear absorption measurements can be  done using Z-scan 

experimental technique. The theory of two photon absorption mechanism is also 

discussed. In the subsequent chapters, synthesis, optical linear and nonlinear 

characterizations of Lead Halides and Metal Tartrates have been taken up. 
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Chapter 2 

Spectral and Optical Nonlinear studies on Lead 

Bromide (PbBr2) crystals 

                                              

Abstract 

The synthesis and characterization of lead bromide crystals are discussed. The 

structure of the gel medium for the growth of good quality crystals is also given 

in this chapter. The optical characteristics of this crystalline material are 

studied using absorption and photoluminescence mechanisms. The thermal 

diffusivity measurements are performed using Thermal lens experiment. The 

optical nonlinearity measurements are done by employing Z-scan experiment 

without an aperture. The optical limiting studies on these crystalline samples of 

PbBr2 in solution phase are also carried out. 
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2.1 Introduction 

Lead bromide (PbBr2) crystals possess good mechanical properties 

which make them suitable for acousto-optical devices. Electro-optic and 

acousto-optic devices are used with lasers as Q-switches, beam deflectors, 

modulators, and mode-lockers. The electro-optic effect is a change in the index 

of refraction for certain crystals as a function of applied voltage. The index 

change is dependent on the direction and polarization of the incident beam. The 

acousto-optic effect involves an interaction between sound waves and light 

waves traveling through certain types of crystals [1]. The acousto-optic effect 

can be used to control the frequency, intensity, and direction of an optical beam. 

The optical transparency range of PbBr2 is very large so that it is very useful for 

wideband acousto-optical tunable filter applications [2-4].  Q.Ren et al reported 

on Lead bromide (PbBr2) crystals in [0 0 1] orientation obtained by the 

Bridgman growth method[5]. They determined the orientation of the principal 

refractive axes of the crystals and their principal refractive indices by the least 

deviation angle at eight selected wavelengths. Using Sellmeier’s formula, the 

optical axial angle and the dispersion of refractive index in the visible spectral 

range were calculated by them. N.B.Singh et al reported the optical transparency 

range of PbBr2 crystals [4]. They performed a comparative study of thermo 

solutal convection by growing lead bromide single crystals in a transparent 

Bridgman furnace. T.Henninsen et al described the infrared birefringency 

interferometer capable of evaluating the bulk quality of crystals[6]. They noted 

that the  birefringence interferometer, like the more familiar Mach—Zehnder 

interferometer is a sensitive tool for measuring the refractive index homogeneity 

in bulk materials, but it does not require the optical surface quality and 

parallalism needed for Mach—Zehnder measurements. It is. ideally suited for 

the preliminary screening of large quantities of material without the need for 

precision fabrication. 
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 Lead bromide belongs to the orthorhombic symmetry class [2]. PbBr2 

exhibits extraordinary properties, including an anomalously slow longitudinal 

wave velocity in the [0 1 0] direction, a large birefringence and a high figure of 

merit about twelve times higher than that of PbMoO2 [3].  Lead bromide exhibit 

Schottky disorder, and anion conductivity [7-10]. Lead bromide show complete 

mutual solid solubility and the solid solutions in the system PbC12-PbBr2 shows 

thePbC12-type orthorhombic symmetry [11-12]. J.F.Verwey worked on the 

conductivity studies of lead bromide single crystals both undoped and doped 

with monovalent and trivalent cations and oxygen. Irradiation of pure lead 

bromide with ultraviolet light gives a characteristic damaging as is made visible 

by electron and optical microscopy [13]. Point defects in lead bromide are 

thermally generated according to a Schottky mechanism. It has been known for a 

long time that the transport number of the bromide ions in lead bromide is unity 

up to the melting point [14]. The luminescence properties of lead bromide are 

very interesting [15-18]. Masanobu Iwanaga reported that the excitonic 

transitions in lead halides are partly explained by the 6s-to-6p transition in lead 

ions [19-20]. The present chapter discusses the  preparation, spectral, thermal 

,optical, nonlinear and the optical limiting studies carried out on lead bromide 

crystals. 

2.2 Synthesis 

       Lead bromide crystals are prepared by employing gel method. This 

method has attracted because it can be used for growing a variety of crystals. 

Gels are formed from the suspension of the solution by the establishment of a 

three-dimensional system of cross linkages between the molecules of one 

component. The second component permeates this system as a continuous phase. 

When the dispersion medium is water, the material should be called hydrogel. 
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2.2.1 Structure of Hydro Silica gel                                                   

Silica hydrogel has been commonly used, due to its far better suitability 

compared to other organic gels, to grow good quality single crystals[21]. The 

process of gelling can be brought about in a number of ways, by cooling of a sol, 

by chemical reaction or by the addition of precipitating agents or incompatible 

solvents. The time taken for the gelling process varies widely from a few 

minutes to many days, depending on the nature of the material, its temperature 

and history. 

Gels have minute pores of various sizes. The rate of diffusion of 

reagents through gels depends, obviously, on the size of the diffusing particles 

relative to the pore size in the gel and the possible interaction between the solute 

and the internal gel surface.  Silica hydrogel is the most ideal medium for growth 

experiments. Therefore the study of its structure is imperative. When sodium 

meta silicate goes into solution, it may be concluded that monsilicic acid is 

produced, in accordance with the dynamic equilibrium. 

Na2SiO3 + 3H2O → H4SiO4 + 2NaOH 

Monosilicic acid can polymerize with the liberation of water as follows. 

 

This can happen again and again until a three dimensional network of 

Si-O links is established, as in silica. The polymerization process continues and 

water accumulates on the top of the gel surface. This phenomenon is called 

Synerisis. During this process two types of ions are produced (H3SiO4
―

 and 

H2SiO4
-
). The time required for gelation is very sensitive to the pH. Their 

relative amounts depend on the hydrogen ion concentration. High pH values 

favour the formation of H2SiO4
-
 ion, which is more reactive. The H3SiO4

―
 ion is 
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moderately favoured by low pH values and is responsible for the initial 

formation of a long chain of polymerization products. The cross linkages are 

formed between these chains and these contribute to the sharp increase in 

viscosity that gives the indication of the onset of gelation. The stability of the 

silicon-oxygen bonds makes the above polymerization process largely 

irreversible. It is also indubitable that it is the basic gel structure that controls the 

crystal growth characteristics. 

In the single diffusion system, the average crystal growth is largest near 

the top of the gel column, where the concentration gradient is higher than that 

near the bottom. It is clear that the super saturation of the gel medium self-

adjusts to the needs of the growth process. This leads to the formation of crystals 

with a high degree of perfection. A very prominent role played by the gel is in 

suppressing nucleation and thereby reducing the competitive nature of the 

growth. It is this nucleation control that is the key to the success of the gel 

method. 

2.2.2 Preparation of PbBr2 single crystals 

The crystalline PbBr2 samples for our studies were prepared using gel 

method introduced by H.K.Henish. For a good quality crystal, a stock solution of 

sodium meta silicate (SMS) having specific gravity 1.03 was prepared by adding 

sufficient amount of sodium meta silicate to 500 ml of distilled water. The pH of 

the solution was adjusted to 6, 7 and 8.The acidic component treated was 1M 

tartaric acid and kept the solution of SMS and Tartaric acid for gelling. 4N 

Potassium Bromide solution was poured over the gel in a test tube which was 

incorporated with a colloidal precipitate of  1N lead tartrate. Growth experiments 

were conducted for different densities of the gel ranging from 1.02 to 1.06. Even 

though the growth kinetics were the same, the growth rates, amount and critical 

size of the PbBr2 formed were different by varying the molarity, density of gel 

and pH values. Good crystals were separated from gel using distilled water and 

dried for characterization.  
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The chemistry behind the crystal formation is as follows 

PbC4H4O6+ 2KBr              PbBr2+ K2C4H4O6 

2.3 Structural Characterization by X-ray Diffraction Studies 

X-ray diffractogram is an efficient tool for the determination of the 

crystallanity of our samples. The sol-gel derived PbBr2 samples were subjected 

to X-ray diffraction studies (XPERT-PRO using K-Alpha 1.54060 A
0
 

(XRDML)). The grown crystal of lead bromide at pH 6 was characterized by X-

ray diffraction method. The diffraction patterns were analyzed and the calculated 

‘d’ spacing and peak spacing intensities were compared with those of lead 

bromide reported in JCPDS files . The occurrence of intense peaks at specific 

Bragg angle at 2θ indicates the crystallanity of the grown crystal .The X-ay 

diffraction pattern of  PbBr22 is as shown in figure 2.1. The crystal structure of 

PbBr2 is confirmed to be orthorhombic. 

 

Figure2.1: XRD of gel derived PbBr2 crystal 
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2.4  Optical Characterizations  

The optical properties of lead bromide crystals were studied using 

optical absorption measurements, optical band gap determination and 

photoluminescence studies. For these studies, the solution samples were 

employed. The prepared crystal samples were powdered using mortar and pestle, 

weighed and dissolved in 20 ml of single distilled water to obtain a concentration 

0.02 gm/ml. For the dissolution, a magnetic stirrer was used and the solvent 

evaporation was prevented by using a sealed glass container. Linear absorption 

of the crystal samples in solution phase was recorded using Jasco V-570 

UV/VIS/IR Spectrophotometer.  

2.4.1 Linear Absorption studies of PbBr2 in solution phase 

 The room temperature absorption spectrum of PbBr2 of concentration 

0.02 gm/ml gives the variation of absorbance against the wavelength in nm 

scale. Figure 2.2 reveals the linear optical absorption response of lead bromide 

single crystal in single distilled water.  

 

 

 

 

 

 

 

 

Figure.2.2: Linear absorption spectrum of PbBr2 

The size of the absorbing system and the probability that the electronic 

transition will take place control the absorptivity. The absorption edge of our 
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sample is located in the UV region at 270 nm. The band gap at this wavelength 

corresponds to 4.2 eV. The absorption spectra of PbBr2 solution indicates the 

wide transparency of the crystal samples in solution phase in the entire 

ultraviolet and visible regions. The optical transparency of PbBr2 is reported and 

this wide transparency of the material makes them to apply in multiband 

acousto-optical tunable filters [22]. The peak at this particular wavelength is due 

to the electronic transition from the valence band to the level occupied by PbBr
+
 

cation. 

2.4.2 Optical band gap studies 

The optical band gap studies on PbBr2 in solution phase in single 

distilled water were done using the linear absorption spectra of the respective 

sample. The linear absorption coefficient α can be determined from absorption 

spectra, which is related to the band gap Eg as 

(αhν)
2
=k (hν- Eg) 

where hν is the incident light energy; 

k is a constant 

and Eg is the optical band gap of lead bromide. 

A graph of Eg= hν verses (αhν)
2
 gives the direct band gap of  PbBr2 for a 

concentration of 0.02 gm/ml. Figure 2.3 shows the direct band gap behaviour of 

PbBr2 sample. A graph of Eg= hν verses (αhν)
1/2

 gives the indirect band gap of  

PbBr2 crystal in solution phase. Figure 2.4 shows the indirect band gap response 

of lead bromide crystal sample. 

 

 

 

 



Spectral and Optical nonlinear studies on Lead Bromide (PbBr2) crystals 

43 

 

 

 

 

 

 

 

 

Figure.2.3: Direct band gap plot of PbBr2 sample 

 

 

 

 

 

 

 

 

Figure.2.4: Indirect band gap plot of PbBr2 sample 

 

We obtained the direct optical band gap value for PbBr2 as 4.2 eV and 

indirect band gap value is 4 eV. From the above figures, it is evident that the 

lead bromide crystal has the band gap in connection with the 6s-to-6p gap in lead 

ions and tend to become highly luminescent coming from the odd transition. In 

solutions linear optical absorption spectrum leads to optical band gap edge like 

structure yielding band gap of 4.2 eV as described in the thesis. It should be . 

The  energy corresponding to the absorption in PbBr2 can be attributed to the 
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creation of Frenkel excitons localized on the Pb
2+

 ions. The optical band gap of 

PbBr2 is arising from the absorption in the band edge due to the creation 

efficiency of free carriers within the crystal [23]. 

2.4.3  Fluorescence emission characteristics of PbBr2 from photo 

luminescence studies 

            The emission and excitation studies were carried out by taking the room 

temperature fluorescence spectra of these PbBr2 samples using a Cary Eclipse 

fluorescence spectrophotometer (Varian). Lead bromide crystal samples in single 

distilled water were subjected to fluorescence excitation in order to measure the 

emission peaks of the material at different excitation wavelengths. The PbBr2 

sample solution at the above particular concentration was excited at a 

wavelength of 240 nm and gave four main emission peaks around 422 nm, 441 

nm, 492 nm and 527 nm respectively as shown in the figure 2.5(a). 

 

 

 

 

 

 

                                 

                           

                   (a)                                                         (b) 

Figure2.5. Fluorescence emission spectra of PbBr2 at an excitation wavelength  

(a) 240 nm (b) 250 nm 

From the figure 2.5(b), it is evident that for an excitation of 250 nm 

wavelength, three strong emission peaks were obtained at 422, 491 and 540 nm 

respectively. The excitonic transitions in lead bromide crystals are explained by 

the 6s-to-6p transition in lead ions .Luminescence in PbBr2 is composed of broad 
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Gaussian bands with large Stokes shifts and is indicative of strong exciton 

acoustic–phonon interaction. The exciton relaxation in PbBr2 results in 

spontaneous electron–hole separation.  Optical and luminescent properties of 

PbBr2 and PbCl2 are similar in the electronic-band structures. Our work on 

luminescence of PbCl2 single crystals is already reported [24].  The PbBr2 

solution shows many peaks due to the stokes shift by the crystal field 

interactions resulting from the strong interaction between phonon and Pb
2+

 ions. 

From the fluorescence spectra given in the figure, it is evident that the emission 

peaks at 491 and 540 nm are assigned to the excitonic emissions. Thus the  

emission bands obtained for the PbBr2 are due to the 6s6p-6s
2
 transition of the 

Pb
2+

 cation strongly influenced by the first Br
-
 coordination sphere. The emission 

peaks  at 422, 492 and 527nm in PbBr2 can be attributed to the association of  

Pb
2+

 cation with nearby intrinsic defect due to anion or cation vacancies [25-29]. 

2.5. Thermal lensing in PbBr2 crystal 

Thermal lens spectroscopy is a highly sensitive  technique to measure 

the thermal properties of crystalline materials like lead bromide [30-33]. The 

experimental set up of this technique is given in chapter.1. 

The thermal diffusivity measurements of lead bromide crystals have not 

been reported so far. Thermal diffusivity measurements were done by using a 

mode matched thermal lens experiment. The thermal lens technique is based on 

the measurement of the temperature rise that is produced in an illuminated 

sample as a result of non radiative relaxation of the energy absorbed from a 

laser. Because the technique is based on direct measurement of the absorbed 

optical energy, its sensitivity is higher than conventional absorption techniques 

.However, advantages of the thermal lens technique are not only limited to its 

ultra-sensitivity but also include other unique characteristics including small-

volume sample capability and dependency on thermo-optical properties of 

solvents. Thermal lens experiment to calculate thermal diffusivity were made in 

water medium. Since the crystal solution was made in water, small amount of  



Chapter 2 

46 

 

Rhodamine-6G was dissolved in order to get thermal lens data. Presence of dye 

will not affect the thermal property of the solution. Hence the result we obtained 

corresponds to that of the crystal solution.Rhodamine-6G solution was prepared 

by adding 0.01 g of Rhodamine-6G in 10 ml of single distilled water. The 

solution of  0.5 ml Rhodamine-6G and 2.5 ml of PbBr2 was taken in a 1 cm 

cuvette of 5 mm path length for various sets of measurements. The presence of 

Rhodamine enhanced the absorption of the crystal sample and did not alter the 

thermal diffusivity values. 

2.5.1 Thermal diffusivity measurements  

In the dual-beam thermal lens measurement, when the PbBr2 with 

Rhodamine-6G sample was excited by a TEM00 Gaussian laser beam, a 

temperature rise was produced by non radiative decay processes following the 

optical energy absorption. Since the refractive index of the sample was changed 

with temperature, a refractive index gradient was produced, creating a lens-like 

optical element, the so called thermal lens. The variation of the intensity at the 

centre of the probe beam caused by the thermal lens has also been reported [33]. 

Thermal blooming measurement was done by employing a laser beam of 

appropriate frequency focused using a long focal length lens. 

The decay time tc and fitting parameter θ were obtained by the 

theoretical fit of the measured values of the probe beam intensity versus time 

plot.  

The parameter θ is related to the thermal power radiated as heat Pth 

through the relation given as  

                

 where λ is the laser wavelength, k is the thermal conductivity and dn/dt is the 

refractive index gradient. 

 
dt

dn
k

pth


 
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From the values of tc  and beam waist radius w at the sample position, the 

thermal diffusivity D of PbBr2 sample can be calculated as 

D=w
2
/4tc 

A typical plot of photo detector output against time is as shown in figure 2.6 

 

 

 

 

 

 

Figure.2.6: A thermal lens signal of Rh-PbBr2 at a power of 50 mW 

The thermal lens(TL) curve of the lead bromide sample is as shown in figure.2.7 

 

 

 

 

  

 

 

Figure.2.7: Time dependent TL plot of PbBr2 

From the figure.2.7, it is clear that  the amplitude of the TL signal 

reaches a steady state, reflecting an equilibrium in the concentration of the 

absorbing species. By illuminating the sample solution using laser radiation, 
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some of the radiation is absorbed by the sample and excited states are formed 

that lose energy non radiatively generating heat. The dark circles in figure 2.7 

represent the experimental data for rhodamine-PbBr2(Rh-PbBr2) sample and the 

solid line corresponds to the theoretical fit to the experimental data. Thus the 

thermal diffusivity values can be calculated from the fitting parameters. 

Measured values of thermal diffusivity D, θ ,and tc are given in the table.2.1   

Table.2.1.Measured values of D, θ and tc for Rhodamine-6G 

incorporated lead bromide solution 

Sample in 

gm/ml 
θ tc(mS) D(cm

2
/S) 

Rh-PbBr2 -4.36 27.7 4.57x10
-3

 

 

For our sample a negative lens is obtained indicating that it expands on 

heating. Thus a weak TEM Gaussian laser beam which is co-linear with the 

excitation beam, passing through the thermal lens, will be affected, resulting in a 

variation in its spot size and hence intensity at the beam centre.  By measuring 

these changes, information on the thermal and optical properties of the sample 

can be obtained. The reported value of thermal diffusivity of lead bromide-silver 

bromide system  in literature is 1.28x10
-3

 cm
2
/S. [34] This shows that the 

thermal diffusivity of PbBr2 solution by our experiment is four times the value 

reported in literature. Thus the thermal lensing study on PbBr2 suggests that it 

can be used as a coolant due to its high value of thermal diffusion [31]. 

2.6. Measurement of optical nonlinearity 

2.6.1Open aperture Z-scan experiment on lead bromide crystal 

Optical nonlinear characteristics of the PbBr2 crystals are investigated 

using open aperture Z-scan technique. The experimental  technique involving a 

single beam and developed by Sheik Bahae et al (1989) is described in 

Chapter.1. The main peculiarity of this Z-scan technique is its simplicity. The 
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sensitivity of this type of nonlinear measurements is too high .The laser source 

used in this open aperture experiment is an Nd: YAG laser. The source of 

irradiation is  Q-switched  emitting 532 nm pulses with 7ns duration at 10 Hz 

(Spectra physics Lab-1760) .M.S.Bahae et al has explained the  open aperture 

experimental set up for measuring the optical nonlinearity [35-37].  Lead 

Bromide crystal in solution phase having a concentration of 0.02 gm/ml is taken 

in a sample cell. The size of the sample holder is 1mm. It is mounted on a 

computer controlled translational stage. The sample solution of lead bromide in 

the cell is moved along the z axis through the focal point of a lens of 0.2m focal 

length.  Rayleigh length  z0 can be calculated using the formula  

z0=πw0
2
/λ 

where w0 is the radius of the beam waist and it is related to the wavelength of the 

laser source λ and is as given below 

w0=Fλ/D  where F is the focal length of the lens and D is the beam radius. 

  The Rayleigh length  is calculated to be 10.6 mm which is much greater 

than the thickness of the sample cell (1 mm). Thus Raleigh length satisfies the 

basic criteria of taking Z-scan. By using an energy ratio meter (Rj 7620 Laser 

Probe Corp) having two identical pyro electric detector heads (Rjp 735), the 

transmitted beam energy, reference beam energy and their ratios are 

simultaneously measured. We used CS2 as the standard for the initial calibration 

of Z-scan set up. 
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(a) 

 

 

 

 

 

 

                                                                           

 

(b) 

                                              

 

 

 

 

 

 

 

 (c) 

Figure.2.8:Open aperture Z-scan plot of PbBr2. at different laser powers, 

 (a)100 MW/cm
2
, (b)150 MW/cm

2
 and (c) 200 MW/cm

2
 

  Some scatterings are present in the above Z-scan traces that may be due 

to the noise by the signal and the movement of the particles as well as a 
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convective flow in the medium.  Open aperture Z-scan studies were carried out 

by focusing the input beam onto the sample at 532 nm using a Q switched Nd: 

YAG laser. In order to estimate the limits to which the lead bromide sample 

would be showing SA or RSA behavior ,Z-scan curves were recorded at 

different fluences in ns regime. Figure.2.8 shows the open aperture Z-scan plot 

of PbBr2 solution at a concentration of 0.02 gm/ml. The solid curves are 

theoretical fit to the open aperture z-scan experimental data. The nonlinear 

absorption coefficient β can be obtained from this open aperture z-scan data by 

fitting the normalized transmittance data to the open aperture formula given as 

[37-39] 

3/2
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Z0 =kw0
2
/2   is the diffraction length of the beam 

k = 2Π/λ is the wave vector, 

wo = the beam waist radius at the focal point,  Leff = (1-exp (-αL))/ α  

is the effective thickness of the sample, I0 is the laser intensity at the focal plane. 

Using the relation (2), the nonlinear absorption coefficient β can be 

evaluated at different I0 values. We measured the transmittance of PbBr2 sample 

as a function of the sample position z measured with respect to the focal plane. 

From figure.2.8, it is clear that the nonlinear absorption coefficient is positive 

due to the transmission minimum at the focal point. For our samples, there is no 

depletion of ground state population because the transmission curves exhibit 

reverse saturable absorption (RSA). Using a single Gaussian laser beam, we 

measured the transmittance of the sample at three different input fluences 100, 

150 and188 MW/cm
2
as shown in the figure.2.8.  
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The source wavelength in our experiment is 532nm, which corresponds 

to two photon absorption (TPA) in the sample. The photon energy is within the 

range 2hν>Eg>hν, where hν=2.33eV and Eg=4 eV, the optical band gap of  

PbBr2. Lead Bromide solution suppresses the peak and enhances the valley to 

show RSA in the transmittance curve. Nonlinear absorption coefficient β for 

three input fluence values are given in table.2.2 

Table.2.2. Measured values of nonlinear absorption coefficient, Im (χ
(3)

)  

and optical limiting threshold for PbBr2. 

Input  laser 

power density(I0) 

(MW/cm
2
) 

Nonlinear 

absorption 

coefficient, β 

(cm/GW) 

Optical limiting 

threshold 

(MW/cm
2
) 

Im (χ
(3)

)  x10
-10

 

(esu) 

100 168 76 5.66 

150 76 134 2.56 

200 26 176 0.88 

The nonlinearity in the PbBr2 crystal sample  is found to be of third 

order, as it fits to a two photon absorption  process (TPA).  Here the energy for 

lifting the atom to the excited state was double the energy of exciting photon. 

The imaginary part of third order susceptibility are determined using the 

nonlinear absorption values β and is given in table 2.2. 

Table 2.2 shows that high nonlinearity is obtained for 100 MW/cm
2
 and 

comparatively small value for 200 MW/cm
2
.Thus when the incident intensity 

exceeds the saturation intensity, the nonlinear absorption coefficient of the 

medium decreases .From these values of β, it is clear that as the input laser 

intensity I0 increases, the nonlinear behavior of lead Bromide decreases, which is 

due to the  removal of an appreciable fraction of photo carriers from the ground 

state. Z-scan curves are normalized plots. In the revised manuscript of the thesis, 

theoretical aspects of Z-scan are incorporated. Experiment shows minimum 
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transmission at focal point corresponding to inputs of 100 MW/cm
2
 and 200 

MW/cm
2
 .In the focused beam data with 200 MW/cm

2 
 intensity, Z-scan theory 

does not expect the minimum transmission corresponding to 100 MW/cm
2
  on 

either side of data related to 100 MW/cm
2
  input power. 

Thus  the mechanism of nonlinear absorption in PbBr2 solution is TPA 

and a positive nonlinearity is attained. From the literature survey, it is observed 

that there is not much work regarding the optical nonlinear absorption of PbBr2.  

The exciton nonlinearity of lead iodide have been already reported [40].But the 

value of nonlinear absorption is taken at a very low laser input intensity. We 

reported the optical  nonlinearity of PbCl2 for the first time [41-42]. 

2.7 Optical Limiting in PbBr2 crystal 

  The basis of an optical limiting device originates from the reverse 

saturable absorption behaviour. An optical limiter is a device that obeys the 

properties like low limiting threshold, large dynamic range , longer excited state 

life time to accumulate the population, high optical damage threshold, broadband 

response, fast response time and high linear transmittance[38-43]. This limiting 

devices can be used for  protection of sensors and eyes from energetic light 

pulses. In lead Bromide sample optical limiting is due to two photon absorption.   
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Figure.2.9. The response of an optic limiter 

Open aperture Z- scan set up can be used for the optical limiting studies. 

This is possible because the sample is translated through the focus of the 

Gaussian beam, the sample experience variation in the incident fluence levels. 

From the value of fluence at the focus, the fluence values at the at other positions 

could be calculated by the following equation 

 ( )  
 

   ( ) 
 

using the standard equations for Gaussian beam waist, 

                    ( )    
    

  

  
      

where the beam waist radius  at the focus,     
  

 
 

f being the focal length of the lens, D and λ the radius and wavelength of 

the beam respectively, E is the energy per pulse and t is the pulse width[38]. 

The open aperture transmittance data  at the same concentration of PbBr2 

are taken for plotting the limiting response.  Lead Bromide single crystal .is a 

good optical limiter that transmits light at low input intensity .For high input 

fluences, our material becomes opaque. PbBr2 should have high transmittance for 

weak incident light and instantaneous response over a broad spectral range [43]. 
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                           (a)                                                                  (b) 

 

 

 

 

 

 

 

 

 

( c ) 

Figure.2.10: Optical limiting response of PbBr2at a laser power density of (a) 100 

MW/cm
2 
(b) 150 MW/cm

2 
and (c) 200 MW/cm

2
 

 

  Figure.2.10 shows the optical limiting response of PbBr2 at  three 

different laser powers 100 MW/cm
2 

,150 MW/cm
2 

 and 200 MW/cm
2 
 

respectively. The limiting threshold is an important factor which decides the 

efficiency of optical limiter. A better optical limiting material corresponds to a 

lower optical limiting threshold.  The optical limiting property occurs mainly 

due to absorptive nonlinearity which corresponds to the imaginary part of the 

third order susceptibility [41]. The optical limiting threshold values at three 

different laser intensities are shown in table.2.2. The limiting threshold for low 

input fluence is small and limiting threshold increases with increase in I0 values. 

From the values of fluence at the focus, the fluence values at other positions 

could be calculated using the standard equations for Gaussian beam waist [38]. 

Conclusions 
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In this chapter we have discussed the growth of single crystals of lead 

bromide using solution-gel technique. X-ray diffraction study confirms the 

orthorhombic crystal structure of PbBr2. The spectral studies including 

absorption, band gap determination and photo luminescence of gel grown lead 

bromide single crystals were done. The high quality crystals show the absorption 

peak in the UV region. Optical band gap measurements indicate that lead 

bromide crystal has the band gap associated with the 6s-to-6p gap in lead ions 

and tend to become highly luminescent coming from the odd transition. The 

strong fluorescence emission peaks of PbBr2 crystals in solution phase reveal 

their excitonic relaxation mechanisms. Photo luminescence aspects were 

explained using fluorescence emission characteristics of the PbBr2. The thermal 

diffusivity of the crystalline solution of PbBr2 along with Rhodamine-6G dye 

was measured and the negative value of fitting parameter indicates the expansion 

of PbBr2 on heating. The thermal diffusivity shows a higher value compared to 

that of a doped PbBr2 available in the literature. The transmittance curve 

obtained from the open aperture Z-scan experiment reveals the reverse saturable 

absorption for PbBr2 crystal. The nonlinearity enhances the valley giving a 

positive value for non linear absorption. The RSA nature of the PbBr2 sample 

suggests that it is well suited for optical limiting applications.  
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Chapter 3 

Spectral and Optical Nonlinear studies on Lead 

Chloride (PbCl2) crystals 

                                              

Abstract 

The properties and applications of lead chloride crystals are discussed. The 

preparation of five different types of PbCl2 and some of their linear and 

nonlinear behavior are illustrated in this chapter. The fluorescence emission 

spectra of lead chloride crystal samples  at different excitation  wavelengths  

reveal that all the PbCl2 samples are highly luminescent in nature. The non 

radiative decay mechanism of these materials are investigated using thermal 

lens experimental technique. The nonlinear absorption of PbCl2 is determined by 

employing  the Z-scan technique . All the five PbCl2  samples including UV and 

IR irradiated and the electro-magnetic field applied exhibit positive nonlinear 

absorption and the corresponding responses have been studied. 
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3.1 Introduction 

Lead chloride is a well-known photosensitive material possessing ionic 

crystalline nature belonging to orthorhombic system [1]. PbCl2 is the model 

material from heavy element halogenide group since it satisfies high 

birefringence, low attenuation coefficient and wide transparency range [2].  The 

purification studies on lead chloride by directional freezing method were 

reported [3].They showed the simple and inexpensive procedure for the 

purification of lead chloride single crystals by analyzing the impurities. Zuzana 

Ma lkova determined the oxidic impurities in PbCl2 crystals measuring the 

oxygen concentrations by means of physical methods like Auger electron 

spectroscopy, radiation methods and high temperature extraction with carbon[4]. 

These methods mainly give information on the exact oxygen concentration in the 

surface layers, but they require a good sample surface, and they are not suitable 

for easily evaporating compounds.  

K . J. De vries and J. H. Van santen measured the ionic conductivity of 

the lead chloride crystals[5-6]. J. F. Verwey investigated the photolysis on PbCl2 

[7]. The electron spin resonance measurements were  performed on lead chloride 

doped with europium by Q. H. F. Vrehen and J. Volger,  and gadolinium ion 

localization in lead chloride were also studied. [8-9].For all these investigations, 

single crystals of good quality had to be prepared. Many of the researchers 

reported the luminescence property of PbCl2 [10]. These materials are important 

for their luminescent properties. Two types of luminescence are observed in 

PbCl2 , the excitonic luminescence and the recombinational luminescence. Under 

excitation in the fundamental absorption region, PbCl2 crystals exhibit two types 

of intrinsic luminescence [11]. W.C.De Gruijter had done emission studies on 

PbCl2 [12]. The top of the valence band is composed of Pb
2+

-6s with 

considerable admixing of chlorine-np, while the bottom of the conduction band 

is made up of Pb
2+

-6p [13].  
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PbCl2 is classified as a normal class I crystal and its transmission range is wide 

[14]. PbCl2 finds importance in experimental field due to their large band gap 

and exhibiting interesting features from the stand point of electron-lattice 

interaction [15-24]. Lead halide based materials can be used as laser hosts with 

low phonon energies. The Pb
2+

 in the PbCl2 crystal is known to be emissive in 

aqueous solution [25-28]. PbCl2 is marked as an insulator with a moderate band 

gap. They belong to the space symmetry group D2h
16

 with layers perpendicular to 

the [010] direction. The lead chloride crystal is characterized by an excitonic 

fundamental edge, which are formed by electronic states of lead ion. The acousto 

optic figure of merit of PbCl2 crystals is high and their transmission range is 

wide. The band gap of PbCl2 is also large[29]. A large set of 15 optical functions 

contains the most complete information on the optical properties and electronic 

structure of PbCl2 [30-31]. V.V.Sobolev et al reported the electronic structure 

and anisotropic optical properties of PbCl2 crystals. PbCl2 is an ionic crystal with 

orthorhombic structure with four molecules in the unit cell [32]. A.Kaldor and 

G.A.Somrjai reported the photodecomposition in PbCl2 [33]. Photonic materials 

with optical limiting properties find  applications in devices for protecting eyes 

and sensors from intense optical radiations. A non linear optical crystal like 

PbCl2 can be employed for applications depending on their band gap and 

nonlinearities.PbCl2 exists  in nature in crystalline form as large needles. This 

chapter presents the optical and nonlinear optical studies on lead chloride 

crystals. 

 

 

 

 

                                   

Figure.3.1.Crystal structure of PbCl2 
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Table 3.1 Properties of PbCl2 from literature 

Properties 

Molecular formula PbCl2 

Molar mass 278.10 g/mol 

Appearance white odourless solid 

Density 5.85 g/cm3 

Melting point 501 °C 

Boiling point 950 °C 

Solubility in water 10.8 g/L (20 °C)[1] 

Solubility product, Ksp 5.89×10−5 (20 °C) 

3.2 Synthesis 

PbCl2 crystal samples for our experimental measurements were prepared 

by the relevant gel method [34]. The peculiarity of this preparation technique is 

explained in the former chapters 1 and 2. The first and the most important stage 

of the sample crystal preparation is the production of gel .Using a stock solution 

of sodium meta silicate (SMS) a good quality gel can be prepared.  25 ml. of 

SMS solution of specific gravity 1.03, for which the pH was adjusted to be 6.5, 

7.0, 7.5 , 8.0 and 8.5 by titration with 1M tartaric acid was allowed to gel in five 

various boiling test tubes without any disturbances. Growth experiments were 

conducted for different densities of the gel ranging from 1.02 to 1.06. It was 

found that for the same concentration of HCl, tartaric acid and lead nitrate 

solution, the rate of growth of the needles was conspicuously larger and the 

needles were larger for lesser densities of the gel. This is due to the increased 

rate of diffusion of HCl in the gel and increased mobility of the molecules of the 

crystals at lower densities of the gel. PbCl2 crystals were obtained by the 

reactions of lead nitrate, tartaric acid and HCl (99.9% Sigma-Aldrich). Two  
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different PbCl2 crystal samples were obtained by irradiating the test tube 

containing gel and top solution with ultra violet ( UV lamp (insect Killer))  and 

Infrared radiations (HL4311 (PHILIPS) 230V~50Hz~150W). The other two 

samples were prepared by subjecting to an electric field of 20 V using parallel 

plate arrangement and subjecting the test tube containing top solution and gel to 

a magnetic field using two bar magnets kept on either side of the experimental 

test tube and perpendicular to its length. Thus five PbCl2 samples were obtained  

for our studies viz pure, UV and  IR irradiated, samples subjected to electric and 

magnetic fields 

The crystal formation of lead chloride can be obtained using the 

following chemical reaction equations  

Pb (NO3)2+H6C4O6→PbH4C4O6+2HNO3 

PbH4C4O6+2HCl→PbCl2+ H6C4O6 

3.3 X-ray Diffraction studies 

We used the X –ray diffraction technique for structural analysis of the 

sol-gel grown lead chloride crystals by five different methods [34]. It is the 

widely used technique for the confirmation of the crystalline nature of most of 

the solids. This diffraction method can be used to measure the average spacing 

between layers or rows of atoms of the lead chloride crystals. The sol-gel 

derived PbCl2 samples are subjected to X-ray diffraction studies employing  

XPERT-PRO using K-Alpha 1.54060 A
0
 (XRDML). The X-ay diffraction 

pattern of  PbCl2 is as shown in figure 3.2. The orientations of the grown crystals 

are directly determined from the X-ray diffractogram. The crystal structure of 

PbCl2 is confirmed to be orthorhombic dipyramidal with each Pb having  a 

coordination under 9. From the plot of angle 2θ verses intensity, the sharp peaks 

depict the crystallanity of PbCl2 crystals [35]. 
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Figure3.2. XRD of gel derived PbCl2 crystal 

3.4 Spectral studies on Lead chloride crystals 

              In the present section, we discuss the spectral aspects of the five lead 

chloride crystal samples prepared by solution gel method. We took the solution 

of  the pure, ultraviolet radiated, infrared radiated, electric field applied  and 

magnetic field applied PbCl2 crystal samples for absorption and 

photoluminescence measurements. In order to obtain the solution samples at two 

different concentrations,  the prepared crystals of PbCl2 were powdered using 

mortar and pestle, weighed about 0.15g and dissolved in 15 ml of single distilled 

water (SDW) to obtain a concentration c1=0.01 gm/ml. Another concentration 

c2=0.02 gm/ml was obtained by dissolving 0.32gm in 15ml of SDW. For the 

dissolution, a magnetic stirrer was used and the solvent evaporation was 

prevented by using a sealed glass container.  
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3.4.1 Optical absorption studies 

        Optical  absorption of the lead chloride  crystal samples in solution phase 

was recorded using Jasco V-570 UV/VIS/IR Spectrophotometer. The 

wavelength range of this spectrometer ranges from 190 nm to 2500 nm[36]. The 

resolution within the ultra violet(UV)/Visible region is about 0.1 nm and the 

resolution corresponding to near infrared (NIR) region is 0.5nm.  Optical 

absorption spectra of PbCl2 samples at two different concentrations c1 and c2 are 

shown in the figure 3.3. 

 

 

 

 

 

 

                                                                     

                                                                      (a) 

                 

                     

                    

                                                       

                                   

 

                        (b) 

 
Figure .3.3. Room temperature absorption spectra of five PbCl2  

crystal samples at concentrations (a) c1 and (b) c2 
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The absorption peak of PbCl2 at the two concentrations c1 and c2 are 

located in the UV region around 266 nm .The optical absorption edge at this 

value corresponds to an energy of  4.6 eV. The peak at this particular wavelength 

is due to the electronic transition from the valence band to the level occupied by 

PbCl
+
 cation [37].  There is no appreciable change in absorption peak  at the 

other  concentration. The linear absorption coefficient  α can be determined from 

the absorption spectra of PbCl2 at the concentrations c1 and c2. Table 3.2 shows 

the values of linear absorption coefficient α for the five gel grown PbCl2 samples 

in solution phase at a concentration of c1. There is no appreciable change in 

these values at concentration c2. 

Table.3.2. Measured values of linear absorption coefficient α  

for the five different PbCl2 crystals 

Sample α (cm
-1

) 

Pure PbCl2 0.45 

UV irradiated PbCl2 0.28 

IR irradiated PbCl2 0.98 

Electric field applied PbCl2 0.31 

Magnetic field applied PbCl2 0.67 

 

3.4.2 Band gap determination from Linear Absorption Spectra  

The linear absorption spectra of the lead chloride crystals (figure.3.3) 

plotted above can be used for optical band gap studies on PbCl2 in solution phase 

in single distilled water. The linear absorption coefficient  α is related to the 

band gap as (αhν)
2
=k (hν- Eg), where hν is the incident light energy, k is a 

constant and Eg is the optical band gap of lead chloride as described in chapter.2. 

The direct band gap of these five different samples of PbCl2 at two 
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concentrations c1 and c2 were determined by plotting a graph between hν along 

the X- axis and  (αhν)
2
  along the Y- axis.  

 

 

 

 

 

 

 

 

                                                                                

 

(a) (b) 

(c) (d) 

(e) 

Figure.3.4. Optical band gap plot of (a) pure (b) UV (c) IR (d) 

electricfield and (e) magneticfield applied PbCl2samples at  c1. 
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Figure.3.4 shows the  band gap diagrams of the five PbCl2 samples. 

From the figure, it is evident that the optical band gap of PbCl2 for concentration 

c1 is varying from 4.54 eV (pure) to 4.67 eV (magnetic). For UV irradiated and 

electric field applied PbCl2 samples, Eg is 4.53 eV and  4.57 eV respectively. 

When concentration is c2, Eg varies between 4.61 and 4.46 eV. The values of 

direct band gap for c1 and c2 are listed in the table3.3. Several types of chloride 

ion vacancies can exist in the lead chloride lattice which are electron traps in the 

energy range 4.2-4.4 eV above the valence band [32,37]. The chloride ions at the 

largest distance are surrounded by four lead ions whereas the closest chloride 

ions are surrounded by five lead ions [38]. It is suggested that the 4.6 eV 

absorption is due to an exciton absorption , but on the other hand it might also be 

ascribed to a characteristic 6s
2
-6s6p transition inside the lead ion. The optical 

band gap values are given in table3.3. These results of our work on the optical 

band gap of PbCl2 are published [39]. 

Table 3.3. Measured values of optical band gap of PbCl2 at two 

concentrations c1 and c2 

Sample 

 

Optical direct band gap 

Eg (eV) at concentrations 

C1 C2 

PbCl2 pure 4.54 4.61 

PbCl2  UV 4.53 4.54 

PbCl2  IR 4.62 4.40 

PbCl2 electric 4.57 4.55 

PbCl2 magnetic 4.67 4.46 
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3.4.3.Flourescence Studies 

Fluorescence spectra of PbCl2 were taken at two different concentrations 

c1 and c2 for photoluminescence studies. The emission and excitation studies 

were carried out by taking the room temperature fluorescence spectra of these 

PbCl2 samples using a Cary Eclipse fluorescence spectrophotometer (Varian). 

Figure 3.5  represents the fluorescence emission spectra of  five PbCl2 samples 

in SDW. PbCl2 sample solutions at concentrations c1 and c2 excited at a 

wavelength of 270 nm gives three strong emissions at around  421 nm, 491 nm 

and 533 nm respectively. The excitonic transitions in lead chloride  are partly 

explained by the 6s-6p transition in lead ions which gives the emission bands at 

three of the above transitions. Fluorescence in PbCl2 is composed of broad 

Gaussian band with large stokes shift and it is indicative of strong exciton-

acoustic phonon interaction [40].  The electric dipole transition from the 6p to 6s 

states also produces luminescence in PbCl2. The exciton can relax into pairs of a 

self trapped electron (STEL) and a self trapped hole (STH) when both electrons 

and holes  strongly interact with acoustic phonons. A repulsive correlation is 

ascribable to the origin of electron-hole separation. The repulsive correlation 

through acoustic phonons with the formation of cooper pairs mediated by these 

acoustic phonons cause the spontaneous breaking of  exciton [41].  

 (a) (b) 
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Figure 3.5. Fluorescence emission spectra of PbCl2 at an excitation  

wavelength 270 nm for (a) pure (b) UV (c) IR (d) electric field and 

 (e) magnetic field applied samples 

As concentration is increased, phonon vibration will induce more non radiative 

de excitations[41]. Our PbCl2 solutions show many peaks due to the stokes shift 

by the crystal field resulting from the strong interaction between phonon and 

Pb
2+

 ions. From the fluorescence spectra given in the figure, it is evident that the 

emission peaks at 491 and 533 nm are assigned to the excitonic emissions. The 

IR irradiated and electric field applied  samples have almost same emission peak 

at 423, 492 and 533 nm for the two concentrations c1 and c2. The shifting of 

emission peaks for pure PbCl2 sample is due to the band edge emission which 

(c) (d) 

(e) 
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are attributed to the quasi free recombination  at the absorption band edge. Thus 

the spontaneous  exciton dissociation has been revealed by the fluorescence 

emission in sol- gel derived PbCl2 samples in solution phase. Our work on the 

emission characteristics of PbCl2 are published [39]. 

The values of emission peaks at an excitation wavelength of 270 nm are shown 

in table 3.4. 

Table 3.4. Measured values of emission peaks for PbCl2 at  

concentrations c1 and c2(gm/ml) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PbCl2 

sample 

Emission peak corresponding to two 

different concentrations (nm) 

C1  (gm/ml) C2  (gm/ml) 

pure 

348 357 

431 422 

498 490 

540 525 

UV 

- - 

422 423 

491 487 

534 532 

IR 

339 342 

423 423 

492 492 

533 533 

Electric 

342 342 

421 421 

493 492 

533 533 

Magnetic 

338 342 

424 423 

490 493 

531 533 
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3.5 Thermal diffusivity studies on PbCl2 

The lensing effect of lead chloride sample crystals was studied using a 

mode matched thermal lens technique. A solution of 0.3 ml Rhodamine-6G dye 

and 3 ml of PbCl2 sample was taken in a 1 cm cuvette for experimentation. The 

experiment was carried out at a concentration of c1.Rhodamine 6G was mixed 

with the PbCl2 crystal samples to enhance the absorption of the crystal .The 

Rhodamine incorporated lead chloride sample was excited by a 532 nm diode 

pumped solid state laser with a maximum power of 150 mW .  The probe laser 

was a He–Ne laser having a power of 2mW. The two beams were focused into 

the PbCl2sample cell such that the beam area at the sample plane was the same 

for both pump and probe resulting in a mode matched TL configuration as given 

in Chapter.1. When the crystal sample was irradiated by the source laser, the 

temperature was increased. The increase of temperature varies the refractive 

index of the material. Thus our PbCl2 itself acts as a thermal lens. 

The experimental data values were plotted using a program which gave the 

values of decay time tc and fitting parameter θ. From the values of tc  and beam 

waist radius w at the PbCl2 position, the thermal diffusivity D can be calculated 

as 

D=w
2
/4tc 

 

 

 

 

 

                                      

(a) 
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The solid line in the figure 3.6.corrresponds to the theoretical fit to the 

experimental data represented by the dark circles. During the thermal lens 

experiment there is a chance of internal conversion in the lead chloride crystal 

solution with Rhodamine -6G dye. This interaction within the crystal makes it to 

act as a lens- like optical element by the non radiative decay mechanism.  The 

non radiative emission by the interaction within the  PbCl2 sample results in the 

formation of heat. We obtained a negative lens since the solution of lead chloride 

expands on heating. 

Figure.3.6: TL plot of PbCl2 (a) pure (b) UV (c) IR (d) electric field and (e)   

magnetic field applied samples 

 

(b) 
(c) 

(d) (e) 
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Table.3.5.Measured values of D, θ ,and tc for Rhodamine incorporated lead 

chloride solution 

Sample tc (mS) θ D (cm
2
/S) x 10

-3
 

PbCl2 pure 25.24 -463.95 5.01 

PbCl2 UV 22.29 -660.81 5.50 

PbCl2 IR 48.48 -444.73 2.64 

PbCl2 electric 49.25 -744.61 2.57 

PbCl2 magnetic 32.05 -748.20 3.95 

 

The above table depicts the values of decay constant tc ,fitting parameter 

and the thermal diffusivity D of the gel grown PbCl2 crystal samples 

incorporated with Rhodamine-6G .The visual inspection of the thermal lens plots 

shows variations in the time response of the thermal lens signal. Quantities like tc 

and θ were obtained directly from the fitting made. The table tells us that the 

infrared irradiated PbCl2 have the low decay time corresponding to a thermal 

diffusion of the order of 2.64x10
-3 cm

2
/sec. The high value of thermal diffusion 

for PbCl2 IR makes it suitable for coolant applications. The thermal diffusivity of 

the electric field applied sample shows a low value for D corresponding to a 

decay rate of 0.049 seconds. The low value of thermal diffusivity suggests that 

the effect of electric field on PbCl2 enhances the decay time to a great extent and 

have found applications in the field of thermal insulators [42].The obtained 

values of thermal diffusivity of PbCl2 sample solutions are found to be high 

compared to the values available in the literature [43]. 

3.6 Nonlinear optical Studies on PbCl2 

             Open aperture Z-scan experiment was used for the measurement of 

optical nonlinear characteristics of lead chloride crystals prepared by five 

different methods. The theory and experimental set up of this technique are 

explained in chapters 1 and 2. This highly sensitive method plays an important 

role in the determination of nonlinear absorption coefficients of our lead chloride  
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crystal samples in solution phase. In the open aperture set up, no aperture is 

needed. Here we translated the five crystals along the focus of the lens using a 

computer controlled translational stage. While experimenting on these crystal 

samples, the traces of transmittance are noted. The shape of the transmittance 

plot decides the sign of nonlinear absorption coefficient. The symmetric curves 

thus obtained are used for the calculations of nonlinearity in the crystal samples.  

We measured the transmittance of PbCl2 at laser energies 40 and 50 µJ 

corresponding to the power densities 100 MW/cm
2
 and 125 MW/cm

2
 

respectively. The data obtained experimentally were plotted using a theoretical 

fit. The fitting of open aperture data gives rise to the values of q.  The 

mathematical relation connecting the q and the sample positions z is written as 

q =  q0(z)(1+Z
2
/Z0

2
)………………….(1) 

From this value of q, the value of nonlinear absorption coefficient ß can be 

calculated using the relation 

ß= q/(I0Leff)………………………………(2) 

 

 

 

 

 

 

 

Figure.3.7(a): Open aperture Z-scan plot of pure PbCl2 at  

a laser power 100 MW/cm
2
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Figure.3.7(b): Open aperture Z-scan plot of UV irradiated PbCl2 at 

 a laser power 100 MW/cm
2
 

 

 

 

 

 

 

 

 

 

 

Figure.3.7(c): Open aperture Z-scan plot of  

IR irradiated PbCl2 at a laser power 100 MW/cm
2
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Figure.3.7(d): Open aperture Z-scan plot of electric field  

applied PbCl2 at a laser power 100 MW/ cm
2 

 

 

 

 

 

 

 

 

 

Figure.3.7(e): Open aperture Z-scan plot of magnetic field  

applied PbCl2 at a laser power 100 MW/cm
2
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Figure 3.8. Combined Z-scan trace of  

PbCl2 at I0=100 MW/cm
2
 

 

 

 

 

 

 

 

 

 

Figure 3.9. Combined Z-scan trace of  

PbCl2 at I0=125 MW/cm
2
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The above figures represent the open aperture Z-scan of PbCl2 crystals at 

different input laser powers. The  scattered data present in some of the above Z-

scan traces can be due to the signal noise ,the movement of the particles as well 

as a convective flow in the medium. The figures clearly establish the reverse 

saturable absorption of these crystalline materials. The transmittance of PbCl2 

shows a valley nature instead of a peak which is the real face of reverse saturable 

absorber. The RSA behaviour of PbCl2 indicate that the ground states of these 

crystal samples are not depleted. Since the excitation laser has a wavelength of 

532 nm, we can suggest that  nonlinearity  is coming from two photon 

absorption. The theory and mechanism of two photon absorption is described in 

chapter.1. Table 3.6 gives the measured values of nonlinear absorption 

coefficient at two input laser power densities. The third order susceptibility 

(imaginary part)  [Im (χ
(3)

)] values are  also given. Our work on the nonlinear 

optical and limiting studies  on gel derived samples of PbCl2 are published [44-

45]. 

Table 3.6. Measured values of nonlinear absorption coefficient and optical 

limiting threshold for PbCl2 samples 

 

 

Sample 

ß (cmGW
-1

) Optical 

limiting 

threshold 

(MWcm
-2

) 

Im (χ
(3)

)  x10
-10

 

(esu) 

I0 (100 

MWcm
-2

) 

I0 (125 

MWcm
-2

) 

I0 (100 

MWcm
-2

) 

I0 (125 

MWcm
-2

) 

PbCl2 pure 122 65 68 83 3.89 2.08 

PbCl2  UV 135 42 43 85 4.31 1.34 

PbCl2  IR 98 70 72 84 3.12 2.24 

PbCl2 electric 36 27 76 85 1.14 0.87 

PbCl2 

magnetic 

83 14 82 95 2.65 0.44 
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3.7 Optical limiting Studies on PbCl2 

Materials that exhibit RSA are currently of interest for use in optical limiting 

devices for protection of sensors and eyes from energetic light pulses. The 

maximum criteria identified for a material to act as an effective optical limiter 

are low limiting threshold, large dynamic range, longer excited state life time to 

accumulate the population, high optical damage threshold, broadband response, 

fast response time and high linear transmittance [46-47]. In lead chloride 

samples optical limiting is due to TPA.  The optical limiting studies were also 

carried out at a concentration of c1 .Lead chloride is a good optical limiter that 

transmits light at low input intensity while it becomes opaque at high input 

fluences. PbCl2 should have high transmittance for weak incident light and 

instantaneous response over a broad spectral range [48]. 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                 

0 20 40 60 80 100 120 140

0.80

0.85

0.90

0.95

1.00

N
o

rm
a

li
z
e

d
  
T

ra
n

s
m

it
ta

n
c
e

 (
a

.u
)

Input Fluence (MW/cm
2
)

0 20 40 60 80 100 120

0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

N
o

rm
a

li
z
e

d
 T

ra
n

s
m

it
ta

n
c
e

 (
a

.u
)

Input Fluence (MW/cm
2
)

0 20 40 60 80 100 120 140

0.75

0.80

0.85

0.90

0.95

1.00

N
o

rm
a

li
z
e

d
 T

ra
n

s
m

it
ta

n
c
e

 (
a

.u
)

Input Fluence (MW/cm
2
)

(a) (b) 

(c) (d) 



Spectral and Optical Nonlinear studies on Lead Chloride (PbCl2) crystals 

83 

 

 

 

 

 

 

 

 

 

Figure 3.10 optical limiting response of PbCl2 (a) pure ,(b) UV irradiated, (c) IR 

irradiated, (d) electric  field and (e)   magnetic field applied samples 

     Figure 3.10 shows the optical limiting response of PbCl2. The limiting 

threshold is an important factor which decides the efficiency of optical limiter. It 

is obvious that lower the optical limiting threshold, better the optical limiting 

material.  The optical limiting property occurs mainly due to absorptive 

nonlinearity which corresponds to the imaginary part of the third order 

susceptibility [49]. The optical limiting threshold values at two different laser 

intensities are shown in table.3.6.  From the table,  it is observed that there is a 

small limiting threshold for low input fluence and limiting threshold increases 

with increase in I0 values. From the values of fluence at the focus, the fluence 

values at other positions could be calculated using the standard equations for 

Gaussian beam waist[50]. 
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Conclusions 

     High quality lead chloride crystals were prepared by sol-gel technique. The 

linear absorption spectra gives the optical band gap details of  these crystals. The 

absorption peak of PbCl2  in the UV region  is due to the electronic transition 

from the valence band to the level occupied by PbCl
+
 cation. The optical band 

gap values were found to range from 4.4 eV to 4.67 eV. The fluorescence 

emission of these crystals shows that PbCl2 crystals have the band gap associated 

with the 6s to 6p gap in lead ions. The high luminescence nature of lead chloride 

makes them suitable for applications in photography, acousto-optical devices 

and radiation detectors. The thermal lensing studies on PbCl2 suggest that the IR 

irradiated samples can be used in coolants owing to their high value of thermal 

diffusion. Optical nonlinearity in five different PbCl2 samples were investigated 

using Z-scan technique. Observed nonlinearity is third order and  the nonlinear 

curves exhibit valleys demonstrating reverse saturable absorption indicating a 

positive nonlinear absorption. RSA nature of the samples makes them suitable 

for optical limiting applications. The optical limiting threshold of these samples 

were also evaluated . The nonlinear studies on these crystal solutions gives a 

clear picture that these materials are highly nonlinear due to their high values of 

nonlinear absorption coefficients. Thus these PbCl2 crystals prepared by sol-gel 

technique  are well suited for  applications in optoelectronics and nonlinear 

optical devices.   
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Chapter 4 

 Linear and Nonlinear Optical studies on Lead 

Fluoride (PbF2) Crystals 

 

                                              

Abstract 

This chapter gives extensive details regarding the spectral and optical 

nonlinear characteristics of gel grown lead fluoride crystals of pure, UV 

irradiated and IR irradiated samples. The photoluminescence and decay 

mechanisms are also explained in this chapter. The nonlinear optical 

characterisation of these materials are performed using Bahae’s method 

at different laser intensities. The nature and sign of nonlinear absorption 

coefficient is also found out. 
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4.1 Introduction 

  The heavy metal halide crystals like lead fluoride have found many 

applications in the field of optoelectronics owing to their significant optical 

properties. From the literature survey, it is clear that many researchers worked 

on lead  halides because of their wide applications.[1–21]. R. W. G. Wyckoff 

worked on the structural modifications of lead halides. Out of the three lead 

halide crystals, lead fluoride crystallizes in an orthorhombic structure [22]. 

Major works on lead fluorides were done by M..Fujitha et al [1].  They give a 

clear picture of the optical and electronic characteristics of  PbF2. R.Kink and 

M..Kituara studied the multiplication of electronic excitations in lead halides 

using a light source of synchrotron radiation [8, 11].  The crystallization of lead 

fluoride includes two phases namely the α-lead flouride and the β-lead flouride. 

The α-PbF2 corresponds to an orthorhombic structure like lead chloride or lead 

bromide and the β- PbF2 exhibits a cubic structure like calcium fluoride.  PbF2 is 

widely used in scintillation devices which is reported by D.L.Alov et al[2]. The 

layer properties of lead fluoride are also seen in literature[19]. The layered 

nature of lead fluoride produced  two dimensional excitons and give low crystal 

symmetry. A.D.Brothers and J.T.Pajor studied the temperature and hydrostatic 

pressure effects on the exciton spectra of lead fluoride[23]. 

There is only a few studies on the nonlinear aspects of lead fluoride .Our 

aim is to find out the optical nonlinear responses of the lead fluoride crystals 

prepared by gel method. The nature of nonlinearity in the crystals of lead 

fluoride are determined using the open aperture Z-scan experiment. This chapter 

also explains the limiting response of the crystal samples in solution phase. 
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Figure.4.1. Crystal structure of orthorhombic α-PbF2 

Table.4.1. Properties of lead fluoride from literature 

Molecular formula PbF2 

Molar mass 245.20 g/mol 

Appearance white powder 

Odor odourless 

Density 8.445 g/cm
3
 (orthorhombic) 

7.750 g/cm
3
 (cubic) 

Melting point 824°C 

Boiling point 1293°C 

Solubility product,Ksp 2.05 x 10
-8

 (20 °C) 

Solubility soluble in nitric acid; 

insoluble in acetone and 

ammonia 

 

 

 

 

http://en.wikipedia.org/wiki/Chemical_formula
http://en.wikipedia.org/wiki/Molar_mass
http://en.wikipedia.org/wiki/Odor
http://en.wikipedia.org/wiki/Density
http://en.wikipedia.org/wiki/Melting_point
http://en.wikipedia.org/wiki/Boiling_point
http://en.wikipedia.org/wiki/Solubility_product
http://en.wikipedia.org/wiki/Solubility
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4.2 Lead Fluoride  sample preparation 

The synthesis of lead fluoride goes through the following steps 

4.2.1 Preparation of hydro silica gel 

Hydro silica gel is prepared for growing single crystals of lead fluoride. 

It can be prepared from an aqueous solution of sodium meta silicate powder by 

changing the pH of the solution. An acid component added to the solution helps 

to vary the pH level. Here tartaric acid is employed. After adjusting the pH, the 

solution is transferred to crystallization vessels for polymerization. The size and 

shape of the vessels depend on the mode of experiment and the specific 

requirement. The mechanical properties of a fully developed gel varies widely 

with the density of the sodium meta silicate solution. Greater the gel density, 

smaller the pore size which in turn decreases the diffusion rate of ions through it. 

4.2.2 Lead Fluoride crystals from gel 

To the  hydro silica gel,   4N Potassium Fluoride solution was poured 

over the gel in a test tube which was incorporated with a colloidal precipitate of  

1N lead tartrate. 

The reactions of lead nitrate, tartaric acid and potassium fluoride (99.9% 

Sigma-Aldrich) gives the lead fluoride crystal. 

            The chemistry behind the crystal formation is as follows 

Pb (NO3)2+H6C4O6→PbH4C4O6+2HNO3 

PbC4H4O6+ 2KF             PbF2+ K2C4H4O6 

4.2.3 Ultra Violet irradiated PbF2 

The test tube containing the gel and top solution of  potassium fluoride and lead 

nitrate is irradiated with ultra violet radiations using a   UV lamp (insect Killer) 
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for two weeks. The PbF2 crystals obtained by  this method  is notated as PbF2 

UV. 

 4.2.4 Infrared Irradiated PbF2 

Using  the infrared radiations (HL4311 (PHILIPS) 230V~50Hz~150W) 

another PbF2 sample is prepared and is represented as PbF2 IR.  

Thus we prepared three types of lead fluoride crystals via PbF2 pure, 

PbF2 UV and PbF2 IR for our studies in this chapter. 

4.3 Structural studies     

                Lead fluoride crystals prepared from the gel method were subjected to 

X-ray diffraction for structural determination and crystallanity confirmation. 

Figure 4.2 illustrates the X-ray diffraction pattern of PbF2   crystal. The distinct 

peaks with sufficient intensities tell us that the gel derived lead fluoride is a 

crystal belonging to the orthorhombic group.                      

               

                      

 

 

 

 

 

 

 
Figure.4.2. Powder X-ray diffraction pattern of PbF2 crystal 
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4.4 Linear optical Measurements 

4.4.1Absorption                      

 In order to study the variation of transmittance in the lead fluoride 

samples, a linear absorption spectra was taken at room temperature. The 

crystalline samples of PbF2 were powdered and dissolved in single distilled 

water to prepare a sample solution of 0.02 gm/ml concentration. The preparation 

of the solution sample and the theory of absorption spectroscopy were discussed 

in chapter 2.  The sample solution of PbF2 was taken in a cuvette of 1cm 

thickness and  the absorbance of the solution was recorded using a 

spectrophotometer. Figure.4.3 shows the linear uv/visible absorption spectra of 

PbF2 samples.  

 

 

 

 

 

 

 

 

Figure 4.3. UV/VIS absorption spectra of pure,  

UV irradiated and IR irradiated PbF2   crystals 

The size of the absorbing system and the probability that the electronic 

transition will take place control the absorptivity. The values of absorption 

coefficient α of the three PbF2 crystals can be determined from the linear 
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absorption measurements. The absorption edge for pure PbF2 is located in the 

ultra violet region corresponding to a wavelength of 250 nm. The peak 

wavelength of absorption for UV and IR irradiated samples are 265nm and 255 

nm respectively. The peak obtained at this particular wavelength suggested that 

these lead fluoride crystals in solution phase are suited for nonlinear 

measurements using a laser of 532 nm wavelength. The absorption edges are 

corresponding to the electronic transition to the heavy metal cation. The 

absorption of ultra violet radiations result from the excitation of electrons from 

ground to excited states. The values of linear absorption coefficient α and the 

wavelength corresponding to the absorption peak (λPeak )for the three different  

lead fluoride samples are given in table.4.2 

Table.4.2. Measured values of α and λPeak  

for the three different PbF2 crystals 

Sample crystal λPeak (nm) α (cm
-1

) 

Pure PbF2 250 1.0194 

UV irradiated PbF2 265 0.6561 

IR irradiated PbF2 255 1.2765 
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4.4.2 Optical band gap of PbF2 crystals 

 

 

 

 

                                                                               

 

 

 

 

Figure.4.4. Optical band gap plot of (a) pure (b) UV irradiated and (c) IR 

irradiated  PbF2samples. 

Figure.4.4 shows the optical  band gap plots of the three PbF2 samples. 

The band gap of lead fluoride samples were determined by using the UV –VIS 

spectra. The extrapolation of the curves to the X-axis gives the values of direct 

(a) (b) 

(c) 
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band gap for pure, UV irradiated and IR irradiated PbF2 crystals in solution 

phase. The band gap values  obtained are 5.22 eV for pure PbF2, 5.05 eV for UV 

irradiated PbF2 and 5.15 eV for IR irradiated PbF2 .  The direct band gap of PbF2 

is comparable with that reported in literature [24].The band gap values are 

attributed to the transition from 6s to 6p states in lead ions as in the case of PbCl2 

and PbBr2. 

4.4.3 Fluorescence Emission Studies 

The emission characteristics of the gel derived lead fluoride crystals 

were carried out by taking the fluorescence spectra at different excitation 

wavelengths.  The specification of the fluorimeter used for these luminescence 

studies on PbF2 crystals were already described in chapter 2. The following 

figures (Figure.4.5) illustrate the photoluminescence spectra in the lead fluoride 

samples. 

 

 

 

 

 

 

 

Figure.4.5.(a) Emission spectra of pure PbF2  

at an excitation wavelength of 250 nm. 
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Figure.4.5(b) Emission spectra of pure PbF2  

at an excitation wavelength of 260 nm. 

 

 

 

 

 

 

 

Figure.4.5(c) Emission spectra of ultra violet (UV)  

irradiated PbF2 at an excitation wavelength of 230 nm. 
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Figure.4.5(d) Emission spectra of ultra violet  

(UV) irradiated PbF2 at an excitation wavelength of 250 nm. 

 

 

 

 

 

 

 

Figure.4.5(e) Emission spectra of infrared (IR)  

irradiated PbF2 at an excitation wavelength of 250 nm. 
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 From the fluorescence emission spectra of pure PbF2 sample (figure 

4.5(a)), we have obtained three emission peaks at wave lengths 378 nm, 421 nm 

and 486 nm respectively for an excitation of 230 nm. If the excitation 

wavelength is increased to a value of 260 nm, two strong emissions are obtained 

for pure PbF2 at 421nm and 491 nm respectively(figure.4.5(b)). For UV 

irradiated PbF2 ,four strong emissions at 378 nm, 420 nm, 490 nm and 532 nm 

are located by  an excitation of 230 nm. When the wavelength of excitation 

becomes 250 nm, only two peaks are obtained at 424 nm and 489 nm 

respectively. The IR PbF2 shows three powerful emissions at 421, 490 and 525 

nm at an excitation of 250 nm as shown in figure.4.5( e). 

The emission mechanism in these lead fluoride in solution phase can be 

explained on  the basis of radiative transitions in the crystals[20]. The shape of 

the fluorescence spectra of these materials are affected by the distribution of 

electrons and holes within their bands. The photoluminescence in these samples 

are due to the broad Gaussian bands having large values of Stokes shift. These 

shifts in the crystalline PbF2 indicate a strong exciton-phonon interaction within 

the crystal [25-26]. Thus the fluorescence of lead fluoride is composed of 

excitonic luminescence. The mechanism of luminescence in PbF2 can be 

explained on the basis of the self-trapped exciton model suggested. Alov, D. L, 

and S. I. Rybchenko [2].  

4.5.Thermal Diffusivity Measurements in PbF2 crystal. 

A mode matched dual beam thermal lens experimental technique was 

employed to study the heat expansion and thereby the thermal diffusivity of the 

lead fluoride crystal samples. Rhodamine 6G dye was added to the crystal 

solutions for enhancing the absorption of PbF2. The experimental procedure is 

discussed in the former chapters 2 and 3. A thermal lens curve is obtained by 

plotting the probe beam intensity against the time in milliseconds. Figure 4.6 

represents the thermal lens plot of Rhodamine incorporated PbF2 samples. The 
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transient change in the refractive index by thermal fluctuations prompt the lead 

fluoride crystal  samples to behave like a lens called thermal lens. 

 

                                           

 

 

 

 

 

Figure.4.6.(a)  Thermal lens plot of pure  Rh-PbF2 

 

                            

 

 

 

 

 

Figure.4.6.(b)  Thermal lens plot of  

ultra violet irradiated  Rh-PbF2 
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Figure.4.6.(c)  Thermal lens plot of infrared irradiated  Rh-PbF2 

Table.4.3Measured values of D, θ ,and tc for Rhodamine-6G incorporated 

lead Fluoride solution 

Sample tc(mS) θc D (cm
2
/S) x 10

-3
 

PbF2   Pure 40.39 -707.18 3.30 

PbF2   UV 20.21 -3033.27 6.08 

PbF2   IR 20.27 -447.31 4.75 

 

 The thermal lens plots of the pure, UV irradiated and IR irradiated lead fluoride 

incorporated with Rhodamine indicate the lensing behavior of these crystals. 

Thermal diffusion D of these materials were calculated using the values of decay 

time and the fitting parameter which is obtained from the theoretical fit to the 

experimental data. Diffusivity of UV irradiated PbF2 is high compared to that of 

pure and IR irradiated ones. The high value of thermal diffusivity of PbF2 

indicates that they are well suited for coolant applications .  
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4.6. Nonlinear optical Studies on PbF2 crystals using Z-scan 

Experiment 

               The optical nonlinearity in the lead fluoride samples was measured 

using open aperture Z-scan experimental set up. The detailed theory and 

experimental descriptions were explained in chapter.2. We plot the transmittance 

values of PbF2 against the position z along the focal point of a lens. The 

following figures (figure.4.7, 4.8 and 4.9) show the normalized transmittance of 

these PbF2 crystals in solution phase  at three input laser powers 100 MW/cm
2
, 

150 MW/cm
2
 and 200 MW/cm

2
. 

 

 

 

 

 

 

(a) 

Figure.4.7. :Open aperture Z-scan plot of pure PbF2. at different 

laser powers, (a)100 MW/cm
2
, (b)150 MW/cm

2
 and (c) 200 MW/cm

2
 

 

(b) 

(c) 
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Figure.4.8. :Open aperture Z-scan plot of UV irradiated  PbF2. at laser powers, 

(a)100 MW/cm
2
, (b)150 MW/cm

2
 and (c) 200 MW/cm

2
 

 

(a) 

(b) 

(c) 

(a) 

(c) 

(a) 
(b) 
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Figure.4.9. :Open aperture Z-scan plot of IR  irradiated  PbF2 at laser powers, 

(a)100 MW/cm
2
, (b)150 MW/cm

2
 and (c) 200 MW/cm

2
 

          The  scattered traces are due to the signal noise and the convective 

movement of the particles in the medium. This highly sensitive method of 

scanning the crystal samples is an effective tool for studying the nonlinear 

absorption of the respective samples of PbF2 .The absorptive nonlinearity in 

these materials are due to the modification of optical properties of the PbF2  by 

the irradiation of a532 nm Q switched laser. The transmittance of PbF2 decreases 

with the input laser intensity towards the focus and then increases to give a 

symmetric shape to the nonlinear Z-scan curves showing a valley in the 

nonlinearity. The valley type transmittance are due to the reverse saturable 

absorption of lead fluoride crystals in solution phase. The nonlinear absorption 

coefficient ß is calculated from the values of q  that determines the depth of the 

open aperture curves of PbF2. Knowing the effective thickness of the PbF2 

sample, absorptive nonlinearity can be calculated using the equation(2) given in 

chapter3. Table 4.4 gives the values of nonlinear absorption coefficient at three 

input laser power densities 100, 150 and 200 MW/cm
2
 .From the values of β ,the 

imaginary part of third order susceptibility{ Im(χ
3
)} is calculated and the values 

are tabulated . 

(c) 
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Table.4.4. Measured values of nonlinear absorption coefficient and 

imaginary part of third order susceptibility for PbF2. 

Sample 

ß (cmGW-1) Im (χ(3)) (esu)   x10-10 

I0 (100 

MWcm-2) 

I0 (150 

MWcm-2) 

I0 (200 

MWcm-2) 

I0 (100 

MWcm-2) 

I0 (150 

MWcm-2) 

I0 (200 

MWcm-2) 

PbF2   

Pure 
136 75 13 3.99 2.20 0.38 

PbF2   

uv 
68 36 52 1.99 1.05 1.52 

PbF2   

IR 
84 70 59 2.47 2.05 1.73 

 

For the pure PbF2 sample, the nonlinear absorption varies from 136 

cm/GW to 13 cm/GW as the power varies from 40 µJ to 80 µJ.The ultra violet 

irradiated sample shows an absorptive nonlinearity of 68 cm/GW at an input 

fluence of 100 MW/cm
2
. The nonlinear absorption of infrared irradiated samples 

ranges from 84 to 59 cm/GW.  From the table, it is clear that the ß values are 

large for 100 MW/cm
2
 laser power and small for 200 MW/cm

2
. This is due to the 

production of the states with higher absorption cross sections  compared to that 

of  the ground state[27] . The laser light used has a wavelength of 532 nm which 

indicates that the reverse saturable absorption in PbF2 is due to the absorption of 

two photons. Thus we can conclude that the mechanism behind the nonlinearity 

in sol-gel derived lead fluoride crystal samples is TPA. The nonlinearity of lead 

halide based glasses have been reported [28]But the reported values of nonlinear 

absorption is smaller compared to that of our lead samples. This clearly indicates 

that our crystals of lead halides prepared by gel method  are very much suited for 

nonlinear applications. 

4.7 PbF2 as an optical limiter            

Open aperture experiment on the gel grown lead fluoride crystal samples shows 

that they have a third order nonlinearity associated with two photon absorption. 
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 The reverse saturable absorption nature of these fluoride samples gives them the 

optical limiting response to a great extent[29-30]. The theory and applications of 

an optical limiter are discussed in chapter 2. The limiting characteristics of the 

PbF2 sample solutions were taken at three input fluences 100 MW/cm
2
, 150 

MW/cm
2
 and 200 MW/cm

2
 respectively. Figure 4.10 depicts the optical limiting 

of pure PbF2 at these laser powers.  The limiting behaviour of ultraviolet and  

infrared irradiated PbF2 samples are shown in figures 4.11 and 4.12 .The 

threshold limits are also evaluated and is given in table 4.5. 

 

                           

 

 

 

Figure.4.10: Optical limiting response of pure PbF2at a laser power 

density of (a) 100 MW/cm
2 
(b) 150 MW/cm

2 
and (c) 200 MW/cm

2
 

 

(a) (b) 

(c) 
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Figure.4.11: Optical limiting response of UV irradiated  PbFr2 

at a laser power density of (a) 100 MW/cm
2 
(b) 150 MW/cm

2 

and (c) 200 MW/cm
2
 

 

(b) 

(a) 

(c) 
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Figure.4.12: Optical limiting response of IR irradiated  PbF2 at a laser power 

density of (a) 100 MW/cm
2 
(b) 150 MW/cm

2 
and (c) 200 MW/cm

2
 

            

 

 

(a) 

(b) 

(c) 
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Table.4.5. Measured values optical limiting threshold for  

 PbF2  sample solutions 

 

 

 

 

 

 

 

Conclusions 

Three types of lead fluoride crystals were prepared by solution–gel 

method. PbF2 sample solution exhibits a UV absorption peak and the direct band 

gap varies from 5.05 eV to 5.22 eV. The photoluminescence in lead fluoride is 

due to the excitonic relaxations within the crystal. The heat diffusion mechanism 

is studied using TL technique. The high values of thermal diffusion of PbF2 

suggest that these materials have found applications in heat sinks. The nonlinear 

absorption of these materials by highly sensitive open aperture Z- scan 

experiment reveals that the normalized transmittance of PbF2 shows a reverse 

saturable absorption at the three input laser power densities employed for the 

studies. A positive non linearity due to two photon absorption is obtained and the 

corresponding values are measured. The third order non linearity by RSA in 

PbF2 crystal samples make them suitable for optical limiting applications. The 

limiting threshold of these samples are also determined. 

 

Sample Optical limiting threshold 

 (MWcm
-2

) 

 I0 (100 

MWcm-2) 

I0 (150 

MWcm-2) 

I0 (200 

MWcm-2) 

PbF2   Pure 68 108 181 

PbF2   UV 89 115 185 

PbF2   IR 82 125 174 
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Chapter 5 

 Spectral and Nonlinear Optical studies on Calcium 
Tartrate (CaTT) crystals 

 

                                             Abstract 

In the present chapter, the investigations on the optical linear and nonlinear 

responses of  three different types of Calcium Tartrate single crystals (CaTT) viz 

pure, electric field and magnetic field applied samples are described. The 

sample crystals are prepared by sol-gel technique using a stock solution of 

sodium meta silicate. Absorption and emission studies performed on these 

crystals are explained. The mechanism of non radiative decay is also discussed. 

Absorptive nonlinear characteristics of the samples are studied by employing 

highly sensitive Z scan experimental technique using a Q- switched Gaussian 

laser beam.  Optical limiting and switching characteristics of these samples are 

also taken up. 
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5.1 Introduction 

The large interest in Calcium Tartrate (CaTT) nonlinear optical 

crystalline materials has been motivated by their potential use in the fabrication 

of all-optical photonic devices [1]. Transparent crystalline materials can exhibit 

different kinds of optical nonlinearities which are associated with a nonlinear 

polarization. Calcium Tartrate single crystals are famous for their ferroelectric, 

spectral and nonlinear optical characteristics .So these crystals have found many 

applications in the field of optoelectronics [2-9]. Medrano et al reported the 

ferroelectric behaviour of CaTT crystals [2]. CaTT crystals belong to the 

orthorhombic system with space group P212121 having four molecules in the 

elementary unit cell [3,10]. Manual E. Torres et al reported the structural 

characterization of CaTT crystals [11]. They prepared the crystals of Calcium 

Tartrate doped with barium, cobalt, nickel, zinc, manganese, strontium and 

cadmium. They found that the doped crystals exhibit a very high dielectric 

permittivity than the pure crystals.  

                                              

 

 

 

 

 

Figure.5.1 Structure of Calcium Tartrate crystal 

 FTIR and thermal properties of crystalline CaTT have been reported by 

X. Sahaya Shajan [12]. Influence of magnetic field on the growth and properties 

of Calcium Tartrate crystals were studied in detail by K.V. Saban and T. Jini 

[13]. Saban et al reported that the properties of materials can be improved by the 

application of magnetic field while designing. Fields are shown to influence the 
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size, nucleation rate, thermal stability, quality and lattice spacing of crystals [14-

16]. Fujiwara et al. reported on magnetically oriented crystallization of organic 

diamagnetic materials [17-18]. K.Suryanarayana  et al worked on the optical and 

structural characteristics of strontium doped Calcium Tartrate crystals[19]. They 

found that the strontium doped Calcium Tartrate crystals are optically 

transparent in nature. They studied the optical characteristics and effect of 

doping on the structural role of tartrate ion in the presence of two divalent 

metallic elements. The CaTT crystal exhibits optical nonlinearity approximately 

0.1 times that of quartz.  The optical linear and nonlinear responses of gel grown 

Calcium Tartrate crystals have been discussed in this chapter, Table 5.1 shows 

the properties of Calcium Tartrate crystals including its appearance, density, 

melting point and solubility. 

Table 5.1 properties of Calcium Tartrate from literature 

 

 

 

 

 

 

 

 

5.2. Preparation of sample crystal 

The method of preparation is solution-gel technique which is described 

in the earlier chapters [20]. The first step of the synthesis of Calcium Tartrate is 

the preparation of hydro silica gel which acts as a medium for crystal growth. 

The specific gravity of the gel and pH of the solution determine the quality of the 

Molecular formula CaC4H4O6 

Molar mass 190.16484 g/mol (anhydrous) 

260.21 g/mol  (tetra hydrate) 

Appearance hygroscopic white powder 

or colorless crystals 

Density 1.817 g/cm3  

Melting point 160 °C 

Solubility   0.037 g/100 ml (0 °C) 
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crystals prepared. A stock solution of sodium meta silicate(SMS) was used for 

preparing good quality single crystals of CaTT.  To the solution of sodium meta 

silicate having specific gravity 1.05, 1M tartaric acid was added and the pH was 

adjusted to be 4, 5, 6,  7 and 8 .This solution of SMS and tartaric acid was 

allowed to gel without any disturbances. Solution was kept for 24 to 36 hours to 

form a firm gel. The single diffusion method was employed to grow CaTT 

crystals in the gel medium. pH plays an important role in the growth of gel. Here 

we used 1M calcium nitrate solution as the top solution which is supernated over 

the gel. After 20 days, CaTT crystals were separated from the gel. Thus duration 

of two week was taken for the crystallization. The steps involved in the 

production of Calcium Tartrate crystals are shown in the figure 5.2. Only small 

crystals were produced by nucleation at lower pH values. Large sized crystals 

were produced for the studies conducted with pH7&8. 

5.2.1. Preparation of Electric field applied Calcium Tartrate 
crystal- CaTT-ELE 

Application of a potential difference of 10V to the test tube containing 

the gel (formed from SMS and Tartaric acid) and the top solution gives an 

electric field applied sample. The electric field is subjected to the solution in 

such a way that the applied field is perpendicular to the direction of diffusion of 

ions i.e; perpendicular to the length of the experimental test tube  The crystal 

produced in this way is notated as CaTT-ELE. 

5.2.2. Preparation of Magnetic field applied Calcium Tartrate 
crystal- CaTT-MAG 

A magnetic field of 0.1 Tesla is applied across the test tube containing 

the gel and top solution of 1M calcium nitrate. The crystal thus obtained by the 

effect of magnetic field is represented as CaTT- MAG.  
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Figure.5.2. Schematic of crystal preparation of CaTT 

 

The growth experiment was repeated for different densities of SMS and 

the pH values. The pH of the solution was varied by adding sufficient amount of 

SMS to the 1M tartaric acid. Thus three types of CaTT crystal samples were 

obtained for our studies viz pure, electric field applied and  sample subjected to 

magnetic field.   

5.3. Structural study using XRD 

The crystal samples of Calcium Tartrate were separated from the gel 

using a filter paper and washed them[20]. Then the crystals were subjected to X-

ray diffraction studies ( XPERT-PRO using K-Alpha 1.54060A0 (XRDML)) for 

structure determination. The crystalline nature was confirmed by the powder 

XRD. The variation in the intensity of diffracted ray only changes the optical 

property of CaTT. For our CaTT crystals, sharp peaks were obtained due to large 

crystallite size and high relaxation time. The XRD data of lattice parameters was 

compared with JCPDS values for identification of crystal structure. From this 

comparison, we confirmed that the crystal structure of Calcium Tartrate is 

orthorhombic. Figure 5.3 illustrates the XRD pattern of gel grown CaTT. 
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Figure 5.3. XRD of CaTT crystal 

5.4 Linear Optical Characteristics  

  For the optical studies, the sample solutions of Calcium Tartrate were 

employed.  The sample crystals were powdered using mortar and pestle. The 

powdered crystals were weighed about 0.344 gm and dissolved in 15 ml of 

single distilled water to prepare a solution of concentration 0.02 gm/ml. A 

magnetic stirrer was used for the dissolution process and the solvent evaporation 

was prevented by using a sealed glass container. 

5.4.1 Absorption Studies 

              Calcium Tartrate single crystals have found applications in the field of 

optoelectronics. So the awareness of optical transmission range and the 

absorption edge of CaTT are essential. Efficient crystals exhibiting optical 

nonlinearity should have the cutoff wavelength in the range of  200 nm to 400 

nm. In order to study the optical absorption mechanism of gel grown Calcium 

Tartrate crystals in solution phase, a room temperature linear UV-visible 

absorption spectra is taken using a JASCO UV/VIS spectrophotometer. The 

details of the device including the wavelength range and specifications are given 

in chapter.2. Figure.5.4 shows the absorption spectra of Calcium Tartrate 

2theta 

counts 
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crystals in solution phase. The spectral response of CaTT single crystal in 

solution phase gives the variation of absorbance against wavelength in nm scale. 

 

 

 

 

 

 

 

 

Figure.5.4 UV/VIS absorption spectra of CaTT crystal 

The combined linear absorption of the  Calcium Tartrate crystal in single 

distilled water is given in the above figure. From figure 5.4 , it is obvious that all 

the three types of Calcium Tartrate samples exhibit a wide transmission in the 

entire visible and IR region. The absorption peak of Calcium Tartrate crystals in 

solution phase at the concentration 0.02 gm/ml  is located in the ultraviolet  

region around 250 nm. The absorption peak at this wavelength is attributed to an 

excitonic peak[21]. In order to quantify the absorption of light through the CaTT 

crystals, it is necessary to evaluate the absorption coefficient α. The linear 

absorption coefficient α for the pure sample at 532 nm is 0.82 cm-1 while that for 

the electric and magnetic field applied samples are 0.98 cm-1 and 0.54 cm-1 

respectively. The values of cut-off wavelength and the absorption coefficients of 

the three CaTT crystal samples are given in the following table. 
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Table.5.2. Measured values of α and λPeak for the three  

different CaTT crystals 

Sample crystal λPeak (nm) α (cm-1) 

Pure CaTT 251 0.82 

CaTT-ELE 257 0.98 

CaTT-MAG 245 0.54 

 

From the table, it is clear that the presence of electric field enhances the 

absorption of Calcium Tartrate while the magnetic field lowers the edge of linear 

absorption and  the value of α shows a decrease. In these  crystals the absorption 

edge  at 250 nm is occurring by the optical transitions across the fundamental 

band gap of the Calcium Tartrate . 

5.4.2 Optical Band gap of CaTT 

Using the data of linear absorption, the band gap of the sample crystals 

can be calculated. This is done by plotting a graph between (αhν) 2 along the Y-

axis and E=hν along the X axis. The curve thus obtained is extrapolated to α=0 

axis to obtain the optical band gap of CaTT crystal. The optical band gap plots of 

the Calcium Tartrate crystals in solution phase are shown in figure.5.5. The band 

gap corresponding to this particular wavelength of absorption is due to the 

electronic transition. The absorption spectrum of this crystal shows that Calcium 

Tartrate is suitable for nonlinear optical studies. The band gap values of the three 

types of sample crystals of CaTT are given in table.5.3.The magnetic field 

applied CaTT exhibits a high band gap of 5.58 eV. This high value may be due 

to the lessening of nucleation rate caused by the increase in the free energy of 

formation of crystal nuclei in the presence of magnetic field [13]. 
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Figure5.5. Optical band gap plot of (a) pure (b) electric field applied  and (c) 
magnetic field applied  CaTT samples. 
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Table 5.3. Measured values of optical band gap of CaTT 

 

   

 

 

 

 

5.4.3. Fluorescence Emission studies on CaTT 

 The room temperature fluorescence spectra reveal the emission 

characteristics of Calcium Tartrate crystals.  The sample solution of Calcium 

Tartrate crystals was taken in a cuvette of 1 cm thickness and fluorescence was 

recorded using a fluorimeter. The luminescence of CaTT is investigated from the 

emission characteristics at different excitation wavelengths. The figures 5.6  to 

5.11 illustrate the fluorescence emission of gel derived Calcium Tartrate. The 

excitation wavelengths used are 230 nm, 240 nm, 250 nm, 260 nm and 280 nm.  

For these excitation wavelengths, the fluorescence spectra of CaTT sample 

solutions are plotted as shown below. 

            

Sample Optical  Band gap (eV) 

CaTT  pure 5.52 

CaTT  electric 5.51 

CaTT  magnetic 5.58 

 

(a) (b) 
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Figure.5.6 Emission spectra of pure CaTT at an excitation wavelength of (a) 230 nm 
(b) 240nm (c)260 nm and (d) 280 nm 

 

 

 

 

 

 

 

 

 

Figure.5.7 Combined fluorescence emission spectra of pure CaTT crystal 

From the fluorescence spectra of CaTT crystals, it is inferred that the 

CaTT exhibits a sharp response of photoluminescence both in pure form and in 

the electric-magnetic field applied cases.  When the solution of pure CaTT 

sample is excited using a wavelength of 230 nm, four emission peaks are 

(c) (d) 
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obtained at 415 nm,488 nm, 532 nm and 570 nm.  As the excitation wavelength 

is increased to a value of 240 nm, three strong emissions are obtained as shown 

in the figure 5.6(b). The peak values are 379 nm, 491 and 535 nm.  For an 

excitation of 260 nm, four emissions are located around 377nm, 421 nm, 491 

and 531 nm. The excitation of 280 nm gives a sharp peak at 377 nm and a short 

peak at 546 nm as given in figure 5.6(d). The dependence of fluorescence 

emission on the different excitations of CaTT pure crystals are illustrated in 

figure 5.7.  

 

 

 

 

 

 

 

 

Figure.5.8 Fluorescence emission from electric field applied CaTT (CaTT-ELE) at 
an excitation wavelength of (a) 230 nm, (b) 240 nm and (c) 260 nm 

(a) (b) 

(c) 
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Figure.5.9 Combined fluorescence Emission spectra of   CaTT-ELE  

In the case of electric field applied sample, an excitation of 230 nm 

produces four emissions at 337 nm, 423nm, 492 nm and 536 nm as shown in 

figure 5.8(a). If the excitation wavelength is 240 nm, three emissions are 

observed around 418nm, 487 nm and 545 nm. For an excitation of 260 nm, two 

intense emissions at 421nm and 490 nm are obtained.  Figure 5.9 depicts the 

combined photoluminescence emission spectra obtained at different excitation 

wavelengths for the CaTT-ELE crystals. 
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(a) (b) 

(c) (d) 
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Figure.5.10 Emission spectra of CaTT-MAG at an excitation wavelength of (a) 230 
nm (b) 240 (c) 250 nm (d) 260 nm and ( e ) 280 nm 

 

 

 

 

 

 

 

 

 

 

Figure.5.11 Combined fluorescence Emission spectra of   CaTT-MAG  

(e) 
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          The samples subjected to magnetic field give three strong emission peaks 

at 340 nm, 431nm and 488 nm for an excitation wavelength of 230nm as given 

in figure5.10 (a). The excitation of 240 nm produces emissions at 376 nm, 489 

and 550 nm respectively. For an excitation of 250nm, the fluorescence emission 

takes place at 382 nm, 423 nm and 493 nm. The excitation of CaTT- MAG at a 

wavelength of 260 nm produces a sharp emission peak at 425 nm as shown in 

the figure 5.10(d). As the excitation wavelength is increased to a value of 280 

nm, the emission peaks are obtained at 380 nm, 425 nm and 532nm as given in 

the figure 5.10(e). The intense peaks of emission indicate that the luminescence 

of Calcium Tartrate is composed of excitonic luminescence by the strong 

coupling of electron-phonon within the crystal. Here, the efficiency of 

luminescence is tied up with the dynamics of the de-excitation mechanisms in 

the atoms of CaTT.  

5.4.4 Luminescence Mechanism in CaTT 

A large number of normal modes of vibration are possessed by CaTT 

which can be obtained from the FTIR spectrum of the compound [20] and the 

spectrum is given in figure 5.12. The table 5.4 gives the FTIR band assignments 

of CaTT.  

 

 

 

 

 

 

 

Figure.5.12 FTIR spectra of CaTT [20] 
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Table 5.4.FTIR band assignments of CaTT [20] 

Peak positions 
pureCaTT 
             cm-1 

Assignments 

 
3563.5b,L 
3427b,L 

Symmetric stretch,H2O 
CH- antisymmetric& CH -stretch 

 
2987,s,h 
2844,s,h 
2595 b,h 

CH3 antisymmetric 
CH3 symmetric stretch 

CH stretch on CHO 

1587 s,VL Bending of H2O 
 

1487s,h Anti-symmetric deformation 
CH3 

1384,s,VL 
1330,sL 

CH rock,in-plane bend on CHO 
CH symmetric deformation 

C═C 
1282,s,h 
1237,s,h CH antisymmetric deformation C═C 

1148s,L 
CH3 in plane rock 

1061s,L 
1011s,L C-CHO stretch 

963s,h 
923s,h 

C-CH3 stretch 
Inversion of two hydrogen through the 

centre of the C═C bond 
885s,h 
817s,h CH wag,out-of-plane bend on CHO 

712s,h CH symmetric deformation on 
C═C bond 

CH wagg on CHO 
533s,VL CH3-C═C ,bend . 

S-sharp, b-broad, h-high intensity, VL-very low intensity, L-low intensity 

The values of wave numbers ν1 to   ν13 were taken from the FTIR spectrum of 

CaTT [20] and the assigned values are given in table 5.5 
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Table 5.5. Values of ν taken from FTIR spectra of CaTT 

ν(cm-1) 
The values taken from 
FTIR spectra of CaTT 

(cm-1) 
ν1 533 
ν2 712 
ν3 1062 
ν4 1148 
ν5 1282 
ν6 1330 
ν7 1384 
ν8 1588 
ν9 2596 
ν10 2895 
ν11 2987 
ν12 3427 
ν13 3584 

 

Table.5.6. Details of fluorescence bands and assignments of CaTT 

Emission 
wavelength(nm) 

Observed 
Wave 
number 

 
 

Assignments Calculated 
Wave 
number 

 
 

Difference  

 

570 17544 Te - - 

532 18797 Te + ν5 18826 29 

488 20491 Te + ν11 20531 40 

415 24096 
Te + ν2 
+2ν10 

24046 50 

375 26667 Te +ν5 + 3ν9 26662 5 

350 28571 
Te + ν2 + 

3ν12 
28537 34 

325 30769 
Te +2ν5 + 

3ν13 
30860 91 
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Here Te represents the difference in electronic levels Te
’
 and Te

’’  where Te
’ is the 

excited electronic level and Te
’’  is the ground electronic level. From the table, it 

is clear that the peaks in the fluorescence emission of CaTT corresponds to 

various combinations and overtones of the molecules in the excited electronic 

levels. The details of band assignments are also given in table.5.6. The various 

transitions and the corresponding fluorescence emission bands of CaTT are 

illustrated in figure.5.13. 

 

 

 

 

 

 

 

 

 

Figure 5.13.  Schematic of the energy levels involved in the  fluorescence spectra of 
CaTT based on combinations and overtones of various modes 

 

5.4.5.   Non radiative decay mechanism in CaTT 

The decay mechanism of Calcium Tartrate crystals are studied using 

thermal lens experiment. The theory and experimental method are described in 

the earlier chapters. In this method the lensing behaviour of Calcium Tartrate is 

investigated using a dual beam mode   matched set up.  For the experimentation, 

a compound solution of 3 ml CaTT and 0.5 ml dye was taken in a sample 

cuvette. The cuvette containing Rh-CaTT solution was illuminated by a laser 
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beam. The absorption edge of CaTT was only in the UV range. In order to 

enhance the absorption, the Rhodamine 6G dye was incorporated to the solution 

of CaTT.   During the laser irradiation on the sample, radiation was absorbed by 

the sample which subsequently de-excited radiatively and non-radiatively. Non-

radiative relaxations lead to a thermal refractive index gradient which resulted in 

a thermal blooming. This blooming is due to the self-defocussing [22]. Figure 

5.14 illustrates the lensing characteristics of CaTT in solution phase. 

 

 

 

 

 

 

 

 

Figure.5.14(a)  Thermal lens plot of Rh-CaTT- pure 

 

 

 

 

 

 

 

 

Figure.5.14(b)  Thermal lens plot of Rh-CaTT- ELE 
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Figure.5.14(c) Thermal lens plot of Rh-CaTT- MAG 

Table.5.7.Measured values of D, θ ,and tc for Rhodamine 

 incorporated CaTT solution 

 

 

 

 

 

 

 

The experimental data is to be fitted using a program and the values of decay 

time tc and fitting parameter θc. Using  the values of tc and θc , the thermal 

diffusivity D of CaTT can be calculated using the relation 

D=w2/4tc 

Sample tc(mS) θc 
D (cm2/S) x 

10-3 

CaTT  pure 35.59 -608.81 3.56 

CaTT  electric 31.38 -606.60 4.03 

CaTT  magnetic 26.44 -609.26 4.78 
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where w is the beam waist radius of the beam. 

Thermal diffusion is minimum for the pure sample and have a high 

value for the field applied crystals. It indicates that the effect of electric and 

magnetic fields decrease the decay time thereby increasing the diffusivity. The 

gel grown crystals of Calcium Tartrate solution exhibit lens like nature and all 

these crystals of CaTT expand on heating which is given by the negative values 

of fitting parameter.  

5.5. Nonlinear optical studies on CaTT 

Highly sensitive single beam Z-scan experiment based on spatial beam 

distortion was used for the optical nonlinear studies on Calcium Tartrate 

crystals[23]. A Q-switched Nd:YAG laser was used as the source of excitation. 

The CaTT sample solutions were taken in a 1 mm thick cell and moved along the 

Z-axis through the focal point of a lens of focal length 20 cm. The experimental 

set up was as explained in detail [24-25].  The radius of the beam waist w0 was 

calculated as 42.6µm and Rayleigh length z0=πw0
2/λ is estimated to be 10.7 mm 

which is much greater than the thickness of the sample cell (1 mm).  

Absorptive nonlinearity in our crystal samples were measured using open 

aperture Z-scan experiment. A single Gaussian laser beam in tight focus 

geometry was used in this method. Here, we measured the transmittance of the 

CaTT samples with respect to the position z along the focus without an aperture. 

Figure 5.15  represents the open aperture Z- scan plot of pure CaTT crystals. 

Open aperture Z-scan studies were carried out by focusing the input beam 

on to the sample at 532 nm. In order to estimate the limits to which the CaTT 

would be showing the transmittance, Z-scan curves were recorded at different 

fluences in the ns regime. The transmittance of the samples was measured at 

different input fluences such as 50 MW/cm2, 87 MW/cm2, 125 MW/cm2 and 251 

MW/cm2 and are as shown in the following figures.  
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Figure.5.15: Z- scan plot of pure CaTT (a)   at various laser power densities  (P1=50 

MW/cm2, P2=87 MW/cm2 and P3=251 MW/cm2) and  (b): 125 MW/cm2 

 

From  figure 5.15(a) it is clear that the nonlinear absorption coefficient β 

is negative due to the transmission maximum at the focal point. This shows 

saturable absorption(SA) behavior of pure CaTT samples at laser power 

densities 87 and 251 mW/cm2 . As a saturable absorber, it exhibits reduced 

absorption coefficient at higher input intensities .The Z-scan data shows that the 

increase in the laser intensity induces bleaching in the ground state absorption, 

which results in a transmittance increase giving rise to SA process. Thus pure 

CaTT at input power densities 87 MW/cm2 and 251 MW/cm2 are well suited for 

passive Q-switching or mode locking of lasers. 

 Figure 5.15(b) reveals a reverse saturable absorption (RSA) nature for 

pure CaTT in single distilled water. At a laser input power of 125 MW/cm2, pure 

CaTT acts as a reverse saturable absorber. At this particular input fluence value, 

we obtained a valley in the transmittance curve for pure CaTT.  

 

 

 

(a) 
(b) 
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Figure.5.16: Open aperture Z-scan plot of CaTT-ELE at I0=(a)87 

MW/cm2,(b)125MW/cm2 and (c) 251 MW/cm2 

Figure 5.16 depicts the optical nonlinear response of CaTT-ELE sample 

solutions at three different laser power densities. From figures 5.16(a) and (c), it 

is clear that CaTT-ELE is a saturable absorber at laser power densities 87 

MW/cm2 and 251 MW/cm2 just as in the case of the pure CaTT sample. The 

RSA nature of CaTT-ELE at 125MW/cm2 is indicated by figure 5.16(b). 

 

 

 

 

 

 

Figure.5.17: combined Z scan plot of CaTT-MAG at three laser power densities  

P1=87 MW/cm2, P2=125 MW/cm2 and P3=251 MW/cm2 

 

(a) 

(b

(c) 
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Figure 5.17 represents the nonlinear response of CaTT-MAG sample at three 

different laser power densities. It is a saturable absorber at all these power 

densities. Since the wavelength used in our experiment is 532nm, the RSA 

behaviour shown by some of the CaTT samples at 125 MW/cm2 corresponds to 

two photon absorption (TPA)[26-27]. Nonlinear absorption coefficient β of the 

sample evaluated for three input fluence values are given in table.5.8. The 

saturation intensity Is values for the saturable absorbed CaTT samples are also 

given in the table. 

The relation connecting nonlinear absorption coefficient β and Is is given as 

 

where α0 is the linear absorption coefficient of CaTT. 

From the table5.8, it is clear that pure -CaTT shows SA nature at input 

laser power densities (I0 ) 87 and 251 MWcm-2  indicating the  negative ß values.  

For I0 at 125 MWcm-2,  RSA is obtained for pure and electric field applied CaTT 

samples. The RSA of the respective samples are due to the decrease in 

transmittance at the focus giving a valley. The sign of  ß is positive for the 

samples giving a valley. The magnetic field applied CaTT sample solutions 

exhibit SA only due to the depletion of ground state ions. 

Table 5.8 shows that the high nonlinearity exhibited at  125 MW/cm2 

gets reduced at  251 MW/cm2. Thus the nonlinear study on CaTT indicate that  

CaTT pure and CaTT-ELE samples exhibit SA at laser intensities 87 MW/cm2 

and 251 MW/cm2 and RSA at 125 MW/cm2. The RSA is due to the induced 

absorption and SA is caused by the bleaching effect[28]. The nonlinearity in 

CaTT-MAG samples are due to SA only. From the switching characteristics of 

CaTT from SA to RSA, it is evident that these crystals are well suited for 

applications in optical pulse compression, optical switching and laser pulse 

narrowing [29]. 

Is
0αβ −=
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Table 5.8. Measured values of nonlinear absorption coefficient, saturation 

intensity  and optical   limiting threshold for CaTT 

The imaginary part of third order susceptibility{ Im (χ(3)) } of the gel 

grown CaTT crystals are evaluated from the values of nonlinear absorption 

obtained from the open aperture data and is given in the table 5.9. 

Table 5.9. Measured value of Im (χ(3)) of  CaTT at  
three different input fluences 

 

 

 

 

 

 

 

 

 

 

Sample                 ß (cmGW-1) Is (GWcm-2) Optical 
limiting 
threshold 
(MWcm -

2) 

I0(87 
MWcm
-2) 

I0(125
MWc
m-2) 

I0(251 
MWc
m-2) 

I0(87M
Wcm-
2) 

I0(125
Mwcm
-2) 

I0(251 
MWc
m-2) 

CaTT 
pure 

-42.9 57 -15 0.019             
_ 

0.055 103 

CaTT -
ELE 

-68 83 -14 0.014             
_ 

0.069 116 

CaTT- 
MAG 

-33 -19 -11 0.016 0.028 0.049     _ 

Sample Im (χ(3)) (esu)   x10-10 

 I0 (87 
MWcm -2) 

I0 (125 
MW/cm2) 

I0 (251 
MWcm -2) 

CaTT pure -1.22 1.62 -0.43 

CaTT-ELE -1.93 2.36 -0.39 

CaTT-MAG -0.94 -0.54 -0.33 
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5.6. Optical limiting Studies on CaTT. 

             At a laser power of 125 MW/cm2,Calcium Tartrate crystals exhibit 

positive nonlinear absorption giving RSA . The RSA nature of CaTT makes it 

suitable for optical limiting applications. Here CaTT is an effective optical 

limiter having low limiting threshold, large dynamic range, and longer excited 

state life time to accumulate the population. Figure 5.18 shows the optical 

limiting response of CaTT single crystals. The efficiency of an optical limiter is 

decided by its limiting threshold. It is obvious that lower the optical limiting 

threshold, better the optical limiting material.  The limiting threshold values of 

the CaTT sample solutions are given in the table  5.8 The optical limiting 

property in CaTT occurs mainly due to absorptive nonlinearity which 

corresponds to the imaginary part of the third order susceptibility [25]. 

 

 

 

         (a)                                                                        (b) 

 

Figure 5.18. Optical limiting response of (a) CaTT-pure and (b) CaTT-ELE 
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Conclusions 

Three categories of  Calcium Tartrate single crystals were prepared by 

sol-gel technique and characterized using XRD, spectral and optical nonlinear 

studies. Optical band gap of these crystalline materials are determined using 

linear optical measurements. The optical band gap studies suggest that the 

application of magnetic field during the preparation of the sample crystal 

increases the band gap of CaTT. The range of band gap values reveals the 

application of CaTT in band gap tuning. The emission aspects of CaTT in 

solution phase  are investigated using different excitations at room temperature. 

The fluorescence emission at different excitation wavelengths exhibit intense 

peaks indicating their luminescence properties. The decay mechanism in  CaTT 

are studied using thermal lens technique and the diffusivity values are evaluated 

.Nonlinear investigations have been done using highly sensitive Z-scan 

experiment with a Gaussian laser beam. The transmittance curves of CaTT at 

three different fluences show saturable and reverse saturable absorption 

characteristics and their corresponding nonlinear absorption coefficients are 

evaluated. The Z-scan data for SA gives the values of saturation intensity and 

their relation with input powers are also investigated. It has also been established 

that these crystal samples in solution phase are well suited for optical limiting 

and passive switching applications. 
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Chapter 6 

   Linear and Nonlinear Optical studies on 
Strontium Tartrate (SrTT ) crystals 

 

 

                                             Abstract 

This chapter explains the studies on Strontium Tartrate crystals (SrTT) of three 

different types namely SrTT-pure, SrTT-ELE and SrTT-MAG. The optical 

characterization of these crystals in ethanol was investigated by performing 

absorption and fluorescence spectral measurements. Thermal diffusivity of these 

samples was also determined using thermal lens experiment. The nonlinear 

optical studies on these crystal solutions were performed by employing open 

aperture z-scan experimental technique with a Q-switched laser. The limiting 

studies were also done and the threshold values were evaluated 
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6.1 Introduction 

Strontium Tartrate (SrTT) is a  material with device applications since it 

possesses ferroelectric behaviour [1-3]. M.H.Rahimkutty et al studied the 

thermal behaviour of gel grown Strontium Tartrate crystals using thermo 

gravimetric and differential thermal analyses [3].SrTT have found applications 

in the field of nonlinear optics based on their harmonic generation. They can also 

be used as crystal oscillators and devices central to laser emissions. Selva 

Sekarapandian reported that Strontium Tartrate is a strategic material with a 

global business potential [4]. H.Brehath[5], N,Nagatani[6] and H.B.Gon [7] 

reported that the divalent tartrates are ferroelectric and piezoelectric compounds 

and these materials  exhibit nonlinear optical and spectral characteristics. From 

the work of M.E.Torres, we can conclude that the tartrates are used in 

transducers and several linear and mechanical devices [8-9]. There are many 

studies reported employing Strontium Tartrate due to their attractive properties 

[10-13]. B.Sureshkumar et al reported the growth and characterization of pure 

and lithium doped Strontium Tartrate tetra hydrate crystals by solution–gel 

technique [14]. In recent years great attention has been devoted to the studies of 

nonlinear crystals like Strontium Tartrate due to their wide range of applications 

[15-20]. The dielectric behaviour of Strontium Tartrate single crystals was 

studied by S.K.Arora et al. They gave a clear picture of various polarization 

mechanisms such as atomic polarization of lattice, orientational polarization of 

dipoles and space charge polarization in the grown crystals using the results of 

the measurements of dielectric constant and dielectric loss as functions of 

frequency and temperature [1]. Strontium Tartrate belongs to the space group 

P212121containing four molecules per unit cell with dimensions a =0×948, b = 

1×096 and c = 0×946 nm [21-23]. As  the solubility of tartrate compounds in 

water is very poor and they decompose before melting, single crystals of tartrate 

compounds cannot be grown by either slow evaporation or melt techniques. Here 

arises the significance of gel method. Henisch et al reported the growth of single 
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crystals of Calcium Tartrate[24-25]. In the present chapter, the linear absorption, 

photoluminescence ,thermal lensing and nonlinear optical  characteristics of 

Strontium Tartrate crystals prepared by solution-gel technique are discussed. 

6.2. Preparation of SrTT crystals 

Gel method was employed for preparing the crystal samples for our 

studies as described in the earlier chapters [26]. Initially, a stock solution of 

sodium meta silicate of specific gravity 1.03 was prepared for gel formation.To 

the solution of sodium meta silicate, a 1 molar tartaric acid was mixed and the 

pH of the solution was varied. The solution was kept undisturbed for two days to 

form firm gel. To the gel, a 1 molar strontium nitrate solution was gently poured 

through the sides of the test tube without disturbing the gel surface.  The 

chemistry behind the crystal formation is given below. 

C4H6O6+Sr (NO3)2����SrC4H4O6+2HNO3 

Two different SrTT samples were obtained by applying an electric field 

of 10V perpendicular to the length of the experimental test tube and by providing 

a magnetic field of 0.1 Tesla across the test tube. The fields were applied on the 

test tube containing the top solution and gel. The crystals formed by the effect of 

electric field are termed as SrTT-ELE. The magnetic field applied crystals of 

SrTT are named as SrTT-MAG.The reaction between the strontium nitrate and 

tartaric acid were studied for different gel density and molarity of the top 

solution. Thus three types of SrTT crystal samples were obtained for our studies 

viz pure, electric field applied and sample subjected to magnetic field.  

6.3. Structural study using XRD 

The crystallanity of the gel grown SrTT is confirmed by taking the 

powder X-ray diffractogram. Figure 6.1 gives the XRD pattern of SrTT crystal. 

From the figure, it is evident that the prepared material is crystalline in nature 

because of the presence of sharp intense peaks in the diffractogram. The 
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diffraction pattern of SrTT were analyzed . The lattice parameters including the 

d spacing values were evaluated[26]. The values obtained from this XRD data 

were compared with those of  Strontium Tartrate reported in JCPDS files. The 

average crystallite size was obtained from the widths of the peaks in a particular 

phase pattern. Large crystallites give rise to sharp peaks and the peak width 

increases with the reduction of crystallite size [26]. The structure of Strontium 

Tartrate crystal is confirmed to be orthorhombic and belong to the space group 

P21P21P21. 

 

Figure 6.1. XRD of SrTT crystal 

6.4. Optical Linear Studies on SrTT 

The optical characterization of the gel derived crystals of SrTT was done 

in the solution form. For making a solution sample, the crystals were powdered 

using mortar and pestle, and dissolved in 20 ml of ethanol to obtain a 

concentration of 0.02 gm/ml. For the dissolution, a magnetic stirrer was used and 

the solvent evaporation was prevented by using a sealed glass container. The 

linear optical studies carried out on SrTT sample solutions include absorption 

spectroscopy, fluorescence emission studies and thermal diffusivity 

measurements. 
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6.4.1 Linear Absorption Studies 

Linear absorption of the crystal samples in solution phase was recorded 

using Jasco V-570 UV/VIS/IR Spectrophotometer . By taking the room 

temperature absorption spectra, the optical transparency of the SrTT sample 

solutions were determined. It is very necessary to take the absorption 

measurements to find the region where the crystalline samples in solution phase 

exhibit the transparency. The crystal samples in ehanol solution were taken in 

the sample cuvette and ethanol alone was used as reference.Figure.6.2 picturises 

the  absorption behaviour of three different SrTT samples viz SrTT- pure, 

electric field applied(SrTT-ELE) and magnetic field applied (SrTT-MAG) 

crystal samples in solution phase. 

 

 

 

 

 

 

 

 

Figure.6.2 UV/VIS absorption spectra of SrTT solution 

The combined absorption spectra of SrTT is as shown in figure 6.2. 

These plots of absorption tell us that SrTT solution has an absorption edge at the 

ultraviolet region. The cut off wavelength around 265 nm is close to the UV 

region. SrTT exhibits a peak transparency around 265 nm which is obvious from 

the above figures. This wide transparency of SrTT makes them suitable for 

nonlinear studies especially for harmonic generation. The absorption spectra of 
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SrTT indicates that the sample solutions exhibit wide optical transmission 

ranging from 200 nm -800 nm. The absorption spectra was used to measure the 

cofficient of linear absorption α which is essential for the determination of 

optical nonlinearity in the respective crystals. The following table 6.1 gives the 

values of peak absorption wavelength (λPeak) and α for three types of SrTT. 

Table.6.1. Measured values of α and λPeak  
for the three different SrTT crystals 

 

 

 

 

The magnetic field applied crystals have high value of linear absorption 

compared to the pure and electric field applied samples. Thus the linear 

absorption studies on SrTT ensured that the gel grown crystals in aquous state is 

well suited for nonlinear measurements .  

6.4.2 Optical Band gap studies 

The optical band gap of SrTT solution samples were studied using the 

absorption specra. The values of hν were plotted against (αhν) 2, where, α is 

linear absorption coefficient which is obtained from the optical linear absorption 

measurements.  α is related to the band gap Eg as (αhν) 2=k (hν- Eg), where hν is 

the incident light energy, k is a constant and Eg is the optical band gap of the 

SrTT sample. Figure 6.3 indicates the band gap plot of Strontium Tartrate. The 

peak at this particular wavelength is due to the electronic transition .The direct 

band gap values of SrTT varies from 5.3 to 5.4 eV. The range of band gap 

suggests that SrTT can be suited for band gap tuning applications. The band gap 

values of SrTT were tabulated for the pure , electric field applied and magnetic 

field applied cases as given in the table 6.2. 

Sample crystal λPeak (nm) α (cm-1) 

Pure SrTT 268 0.73 

SrTT -ELE 272 1.05 

SrTT -MAG 277 1.37 
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Figure 6.3. Optical band gap plot of (a) pure (b) electric field applied  
and (c) magnetic field applied  SrTT samples. 

 

(a) 

(b) 

(c) 
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Table 6.2 Measured values of optical band gap of SrTT  

 

 

 

 

 

The direct band gap values of SrTT indicate that the material possess a 

wide band gap. From the wide band gap of SrTT, it is suggested that the allowed 

transitions prevails in the region of higher photon energy[2]. 

6.4.3 Fluoresence spectral studies 

         The emission characteristics of SrTT sample crystals were studied using 

the fluorescence spectroscopy. In order to take the fluorescence, the sample 

crystals were dissolved in ethanol as a solvent and then the aquous solution of 

the samples were placed in a Cary Eclipse fluorescence spectrophotometer 

(Varian-2000). The sample solutions of SrTT were excited using different 

wavelengths and the corresponding emissions were plotted. The following 

figures illustrate the photoluminescence of SrTT crystals in solution phase.  

 

Sample Optical  Band gap (eV) 

SrTT  pure 5.40 

SrTT- ELE 5.40 

SrTT- MAG 5.37 

 

(a) (b) 

exc 240 
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Figure.6.4  Emission spectra of pure SrTT at an excitation wavelength of (a) 230 nm 

(b) 240nm (c)250 nm and (d) Combined fluorescence emission spectra of pure SrTT 

SrTT pure crystal sample solutions were excited at three wavelengths 

230 nm, 240 nm and 250 nm as shown in figure 6.4.  For an excitation of 230 

nm, the emission of pure samples were located at 340 nm which is indicated by 

figure 6.4(a). The excitation of 240 nm gives an emission around 340 nm as 

given in figure 6.4(b). If the excitation becomes 250 nm, three strong emissions 

around 334nm, 370 nm and 413 nm were obtained. All these emissions belong to 

the violet-blue range as shown in the figure 6.4(c ). Figure(d) represemts the 

combined emission spectra of pure crystal samples of SrTT. 

 

                                                     

(c) (d) 

 

(a) (b) 
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Figure.6.5 Fluorescence emission from electric field applied  
SrTT (SrTT-ELE) at an excitation wavelength of  

(a) 230 nm, (b) 250 nm , (c) 260 nm,(d) 270 nm and ( e ) combined spectra 

 

  The crystals prepared by the application of electric field were excited at 

four different wavelengths 230nm, 250 nm,260 nm and 270 nm as shown in 

figure  6.5.  The excitation of 230 nm gave a violet and blue emission . For an 

excitation of 250 nm, a strong violet emission at 379 nm was obtained. The 

excitations by 260 and 270 nm produce almost same emissions as given in figure 

6.5(c) and (d). 

(c) (d) 

(e) 
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(e) 

Figure.6.6 Emission spectra of SrTT-MAG at an excitation 
 wavelength of (a) 230 nm (b) 240 (c) 250 nm (d) 280 nm and  

( e ) combined emission spectra 

(a) (b) 

(d) (c) 
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The effect of magnetic field on the fluorescence emission of SrTT was 

studied using the figure 6.6. The intensity of the emission is decreased as the 

excitation wavelength is increased. This was depicted in figure (e). The 

excitation of 280 nm gave four emissions at 376-violet, 496 nm- blue, 521 nm- 

green and a 556 nm-yellow as shown in figure 6.6(d). 

6.4.4 Mechanism of photoluminescence in SrTT 

The FTIR spectrum of SrTT showed the presence of various vibration 

modes[ 26]. Figure 6.7 represents the FTIR spectra of SrTT sample which was 

taken from reference[26].  

 

 

Figure 6.7 FTIR spectrum of SrTT[26] 
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The mechanism of luminescence in SrTT samples can be explained 

using the electronic transitions and the assignments given to the electronic 

levels. For determining the mechanism, the emission peaks obtained from the 

emission spectra of SrTT were taken into account. The observed wave numbers  

( � ob) were obtained from the corresponding peak values of emission. The 

electronic levels Te
’
 and Te

’’  were taken as explained in chapter 5. The 

assignments and the difference in wave numbers are given in the table 6.4. The 

values of wave numbers ν1 to   ν12 were taken from the FTIR spectrum of SrTT 

[26]. The assigned values of ν are given in table 6.3 

            Table 6.3. Values of ν taken from FTIR spectra of SrTT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ν(cm-1) The values taken from FTIR 
spectra of SrTT(cm-1) 

ν1 514 

ν2 707 

ν3 1079 

ν4 1129 

ν5 1280 

ν6 1314 

ν7 1371 

ν8 1603 

ν9 2254 

ν10 3170 

ν11 3387 

ν12 3535 
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Table.6.4. Details of fluorescence bands and assignments of SrTT 

Emission 
wavelength(nm) 

Observed 
wave 

number 

 

Assignments 

Calculated 
Wave 

number 

 

Difference 

 

556 17985 Te - - 

521 19194 Te + ν5 19265 71 

496 20161 Te + ν9 20239 78 

427 23419 Te + 2ν4 +ν10 23413 6 

376 26596 Te +ν8 + 2ν12 26658 62 

334 29940 
Te + ν2 + ν3+ 

3ν11 
29932 8 

Like the CaTT samples, the fluorescence in SrTT are composed of  

various combinations and overtones of the molecules in the excited electronic 

levels. The various transitions and corresponding fluorescence emission bands of 

SrTT are shown in figure.6.8 The small difference in observed and calculated 

wave numbers of SrTT suggest that this model strongly agrees with the 

fluorescence observed in SrTT.    

 

 

 

 

 

 

Figure 6.8. Schematic of the energy levels involved in the  fluorescence spectra of 
SrTT based on combinations and overtones of various modes 
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6.4.5. Thermal diffusivity Measurements  

The thermal diffusivity of SrTT sample solutions were studied using the 

dual beam mode-matched thermal lens experiment. This is a highly sensitive 

method which can be used to find the non radiative decay mechanism of the gel 

grown  SrTT crystal samples in solution phase. The experimental procedure and 

the details of the lasers used for experimentation were explained in earlier 

chapters. In order to avoid aberrations, attenuators were used for adjusting the 

power at the crystal sample. To enhance the absorption of SrTT crystal in 

ethanol solution, Rhodamine-6G(Rh-6G) dye was incorporated. A solution of 

0.5 ml Rhodamine-6G and 3 ml of SrTT sample solution was taken in a 1 cm 

cuvette of 5 mm path length for various sets of measurements. The addition of 

Rh-6G doesnot alter the thermal diffusivity of SrTT sample[27]. 

 Figure.6.9 shows the thermal lensing plots of SrTT crystals with 

Rhodamine6G dye. 

 

 

 

 

 

 

 

 

 

 

 

(a) 
(b) 
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Figure.6.9  Thermal lens plot of  (a) Rh-SrTT- pure   

(b) Rh-SrTT-ELE and (c) Rh-SrTT- MAG 

 

Following the optical energy absorption and subsequent non radiative 

decay process, a temperature rise was produced . A lens like optical element was 

obtained as a result of the change in refractive index with temperature of the 

SrTT crystal sample. From the TL plot, the decay time tc and fitting parameter θ 

were obtained using a theoretical fit of the measured values. From the values of 

tc and the beam waist radius w at the sample position, the thermal diffusivity D 

of SrTT samples can be calculated as 

D=w2/4tc 

The solid line in the figure  corresponds to the theoretical fit to the 

experimental data represented by the circles.  The SrTT sample absorbed the 

radiations and excited states were formed.They loose energy non radiatively 

generating heat.The thermal diffusivity values of SrTT-Rh-6G can be calculated 

from the fitting parameters. Measured values of thermal diffusivity D, θ and tc 

are given in the table. 6.5 

(c) 
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Table.6.5.Measured values of D, θ ,and tc for Rhodamine-6G 
 incorporated SrTT solution 

 

 

 

 

 

 

 

From the values of θ ,it is evident that SrTT crystals exhibit a  negative 

lens.Thus the Rh-6G added SrTT sample solution expand on heating explaining 

the presence of negative θ values. These results reveal that a weak TEM 

Gaussian laser beam passing through the thermal lens, will be affected, resulting 

in a variation in its spot size and hence intensity at the beam centre.The thermal 

diffusivity of SrTT is not available in literature. However a comparison of the 

thermal diffusivity value with that of Strontium Niobate reveals that SrTT has a 

higher value [28]. 

6.5 Optical Nonlinear Studies on SrTT 

The optical nonlinearity of the SrTT sample solutions were studied using the 

Open aperture Z-scan experiment[29]. The theory and experimental set up of this 

highly sensitive method was described in chapter 1. Here the three samples of 

SrTT were irradiated with a laser  having wavelength of 532 nm. The samples 

were moved along the focal regions of a lens of focal length 20 cm. The laser 

energies(E0) used were 30µJ, 65 µJ, 80 µJ and 100 µJ.  The laser power densities 

(I0) corresponding to these energies were 75 MW/cm2, 163 MW/cm2, 200 

MW/cm2 and 251 MW/cm2 respectively. We measured the transmittance of 

Sample in 
gm/ml 

tc(mS) θc D (cm2/S) x 10-3 

Rh-SrTT pure 34.25 -602 3.69 

Rh-SrT 
electric 

40.29 -603 3.14 

Rh-SrT 
magnetic 

71.41 -295 1.77 
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SrTT at these laser power densities. The following figures illustrate the nonlinear 

response of three different types of SrTT sample solutions. 

 

 

 

 

. 

 

 

 

Figure.6.10 (a): Combined Z-scan plot of SrTT- pure at four laser power densities     

(P1=75 MW/cm2, P2=163 MW/cm2 P3= 200 MW/cm2 and P4=251 MW/cm2) 

 

 

 

 

 

 

 

 

Figure.6.10(b): Open aperture Z-scan plot of SrTT-ELE at two laser power 

densities     (P1=163 MW/cm2 and P2=251 MW/cm2) 
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Figure.6.10(c): Combined Z-scan plot of SrTT-MAG at three laser powers densities     

(P1=75 MW/cm2, P2=163 MW/cm2 and P3=251 MW/cm2) 

  From the open aperture Z-scan plot of pure SrTT sample given in figure 

6.10 (a), it is clear that the transmittance of the sample solution shows a decrease 

with increase in input laser intensity. The decreasing transmittance reaches a 

minimum value at the focus. This is the peculiarity of reverse saturable 

absorption(RSA). Thus the sample solutions of pure SrTT exhibit RSA in its 

transmittance. The nonlinear absorption of these pure samples were determined 

using the open aperture transmittance data that is theoretically fitted. The solid 

lines in the plots of Z-scan represent the theoretical value. The values of 

nonlinear absorption coefficient β were evaluated using the equation(2) given in 

chapter 2. The electric field applied samples also showed the RSA nature giving 

a valley in their transmittance curves as shown in figure 6.10(b). The magntic 

field applied SrTT showed RSA at I0 =75 and 251 MW/cm2. But SrTT-MAG 

gives a saturable absorption (SA)  behaviour at I0 =163 MW/cm2.  At this laser 

intensity, the transmittance of SrTT increases and gives a maximum value at the 

focal point. This is due to the depletion of ground states as that of CaTT sample. 

The SA is indicated by a peak response in the Z-scan trace of SrTT. From the 
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values of β, the imaginary part of third order susceptibility were calculated. The 

values of nonlinear absorption coefficient β and Im (χ(3)) of SrTT samples were 

given in table 6.6.  

Table 6.6. Measured values of nonlinear absorption coefficient and 
imaginary part of third order susceptibility [Im ( χ(3)) ] of SrTT 

 

The blank spaces in the table correspond  to the cases where the 

experimental data did not fit with the theoretical ones. β is positive for pure and 

electric field applied SrTT samples and negative for magnetic field applied SrTT 

at 163 MW/cm2. The nonlinearity in SrTT samples are due to two photon 

absorption mechanism[30-31]. The switching response of SrTT can be used in 

applications such as optical pulse compression and laser pulse narrowing. 

 

Sample 

ß (cmGW-1) Im (χ(3)) (esu)   x10-10 

I0 (75 
MW/c

m2) 

I0 (163 
MW/c

m2) 

I0 
(200 
MW
/cm2

) 

I0 
(251 
MW/
cm2) 

I0 (75 
MW/
cm2) 

I0 
(163 
MW/
cm2) 

I0 
(200 
MW/
cm2) 

I0 
(251 
MW/
cm2) 

SrTT   pure 113 51 36 60 3.25 1.46 1.03 1.72 

SrTT- ELE - 110 - 72 - 3.17 - 2.07 

SrTT- MAG 127 -34 - 46 3.65 -0.98 - 1.32 



                                                                                                                
Linear and Nonlinear optical studies on   Strontium Tartrate (SrTT) crystals 

167 

 

6.6. Optical limiting Studies on SrTT 

Open aperture Z-scan  study on SrTT reveals that they are reverse 

saturable absorbers at certain input laser power densities. The RSA nature of the 

samples confirm that they  were well suited for optical limiting studies. The 

limiting threshold of these SrTT samples were determined from the optical 

limiting curves plotted using the normalized transmittance data from the open 

aperture Z-scan measurement. Figure 6.11 illustrates the limiting response of 

SrTT sample solutions. 
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Figure 6.11(a). Optical limiting response of SrTT-pure at three laser power 
densities     (P1=75 MW/cm2, P2= 200 MW/cm2 and P3=251 MW/cm2) 
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Figure 6.11(b). Optical limiting response of SrTT-ELE at  

two laser powers(P1=163 MW/cm2 and P2=251 MW/cm2 

 

 

 

 

Figure 6.11(c). Optical limiting response of SrTT-MAG 
 at two laser power densities P1=75 MW/cm2 and P2=251 MW/cm2 

 

The important parameter of an optical limitter is its limiting threshold. The 

values of limiting threshold for the SrTT samples which show RSA were 

evaluated and given in table.6.7 
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Table.6.7 .Observed values of limiting threshold for SrTT 

 

 

 

 

 

 

 

 

  The blank spaces in the table correspond  to the cases where the experimental 

data did not fit with the theoretical ones. 

 

Conclusions 

Strontium Tartrate crystals prepared by solution-gel method belongs to 

the orthorombic system which was confirmed using XRD analysis. Linear 

absorption spectra of three different SrTT crystals were taken at room 

temperature. Absorption peaks were located in UV region giving a wide 

transparency range to these crystal samples. Optical band gap of the samples 

varies from 5.37 eV to 5.4 eV suggest their applications in the field of band gap 

tuning. The fluorescence in SrTT are composed of  various combinations and 

overtones of the molecules in the excited electronic levels. Thermal diffusivity 

of the pure , electric and magnetic fields applied SrTT samples were calculated 

from the TL plots. The negative value of fitting parameter indicates that 

Strontium Tartrate solution exhibits a negative lens. Nonlinear optical 

Sample Optical limiting threshold  

(MWcm -2) 

I 0 (75 
MW/c
m2) 

I 0 
(163 
MW/c
m2) 

I 0 
(200 
MW/
cm2) 

I 0 
(251 
MW
/cm2) 

SrTT  pure 67 151 178 200 

SrTT- ELE - 108 - 202 

SrTT- MAG 61 - - 212 
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measurements done by  single beam Z-scan technique on SrTT exhibits SA and 

RSA behaviour in their transmittance traces which can be exploited for optical 

limiting and switching applications. 
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Chapter  7 

 Linear and Nonlinear Optical studies on  

Cadmium Tartrate (CdTT) crystals 

 

                                             Abstract 

The studies on two different types of Cadmium Tartrate viz CdTT pure and 

CdTT-MAG crystals have been discussed in this chapter. The optical 

transparency and the band gap characteristics of the crystals in ethanol 

solutions were studied using UV Visible absorption spectroscopy at room 

temperature. The photoluminescence in CdTT samples in solution phase were 

investigated. The mechanism of emission bands in pure and magnetic field 

applied CdTT crystals in aqueous state have been discussed in this chapter. The 

non radiative relaxation of gel grown crystals of CdTT incorporated with 

Rhodamine 6G dye was studied by employing the thermal lens technique. The 

optical nonlinearity of these samples were measured using Bahae’s method.  
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7.1 Introduction 

The crystalline materials of Cadmium Tartrate (CdTT) have found many 

applications in optoelectronics owing to their optical and piezoelectric 

characteristics[1-4]. S.K Arora et al worked on the crystals of Cadmium Tartrate 

penta hydrate [1]. They studied the slow and controlled reaction between Cd
2+

 

ions and tartrate (C4H4O6)
2-

 ions in hydro silica gel and the optical 

characterization of this crystal was reported. The electrical conductivity of CdTT 

was also studied and reported [5]. Harshkant Jethva reported on the thermal 

study of Cadmium Levo-Tartrate  crystals[6]. Harshkant  characterized the CdTT 

by thermo gravimetric analysis and  the thermodynamic parameters were 

evaluated for the different stage of decomposition. Many works  have been done 

on CdTT crystals  to calculate the kinetic parameters of solid state reaction 

including mass [7-11]. H.O. Jethva reported the results of FTIR spectroscopic 

studies on Cadmium Levo Tartrate crystals [12]. Jethva found the presence of O-

H, C-H, C-O and C=O functional groups with metal-oxygen vibrations in the 

FTIR spectrum of CdTT. Cadmium Tartrate Oxalate single crystals were 

prepared  and studied by D.Arumugam et al employing the sol gel technique 

[13]. Many researchers in crystal growth field adapted the gel technique for the 

preparation of crystals owing to the major advantages of this method[14-19]. 

The gel method can be used for growing single crystals which decompose below 

the melting point [20-23]. The growth and characterization of Barium doped 

Cadmium Tartrate were studied by N.S.Patil et al[24]. The studies on mixed 

crystals of Calcium-Cadmium Tartrate were reported in literature [25]. D. K. 

Sawant et al concluded that the crystals of Calcium Cadmium Tartrate exhibit 

transparent and diamond like morphology. Many researchers worked on the 

mixed crystals by solution gel method[26-27]. The thermal studies on Barium 

doped Cadmium Tartrate crystals were carried out and reported[28]. Strontium 

doped Cadmium Tartrate Oxalate single crystals were studied by D.Arumugam 

et al[29].  S.S. Sonawane and R.R. Ahire prepared single crystals of CdTT and 
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characterized them[30].  In this chapter, the linear and nonlinear optical studies 

of pure and magnetic field applied  Cadmium Tartrate (CdTT) crystals are 

presented. 

7.2   CdTT sample Synthesis 

The good quality crystals of CdTT were prepared by the relevant 

solution-gel method. The various steps involved in this gel technique and the 

advantage of this particular method for growing crystals have been discussed in 

chapter 1 [ 31] .The medium in which the CdTT crystals were grown was hydro 

silica gel prepared from an aqueous solution of sodium meta silicate(SMS) 

which is acidified with tartaric acid. To the set gel, cadmium nitrate solution of 1 

M concentration was supernated without disturbing the medium. The specific 

gravity of the gel was varied from 1.02 to 1.04. The pH of the solution of SMS 

and tartaric acid was changed by adding sufficient amount of  SMS  and the 

values of pH were varied between 5 and 7. The crystals of CdTT were obtained 

after 10 days. Another sample crystal of CdTT was prepared by applying a 

magnetic field. In this process two bar magnets were tightly fixed across the test 

tube containing the gel and top solution of cadmium nitrate. Thus two different 

types of CdTT crystals were prepared by gel method. The former crystal is 

named as CdTT-pure and the latter one is CdTT-MAG. The steps involved in the 

crystal preparation of CdTT is illustrated in figure 7.1. The chemistry involved 

in the crystal formation is 

C4H6O6+Cd (NO3)2CdC4H4O6+2HNO3 
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Figure 7.1  Schematic of crystal preparation of CdTT 

7.3 Structural Characteristics 

 In order to find the crystalline nature of the prepared sample, the X ray 

diffractogram of the material  was taken [31]. Figure 7.2 represents the XRD of 

CdTT crystal. The presence of intense peaks in the diffractogram confirmed the 

crystalline nature of Cadmium Tartrate by gel method. The values of d spacing 

and hkl plane values were compared with those of JCPDS file of CdTT. The 

structure of CdTT is then identified as monoclinic [31]. 

 

 

 

 

 

 

Figure 7.2. XRD of CdTT crystal 
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7.4. Linear Optical Characterizations 

The solution samples of CdTT crystals were used for the optical and 

nonlinear studies. The sample solutions of CdTT were prepared by dissolving 

the powdered crystals in ethanol solvent. The concentration of the CdTT solution 

taken was 0.02 gm/ml. 

7.4.1 Absorption Measurements  

 In order to determine the optical transparency of the grown crystals of 

Cadmium Tartrate, the room temperature linear absorption spectra was taken. 

The UV-Visible spectra of the pure and magnetic field applied CdTT samples 

were taken in the wavelength range 200nm to 800 nm and are shown in the 

following figure 7.3. 

 

 

 

 

 

 

 

 

Figure.7.3. Linear  absorption spectra of  

(a) CdTT –pure and (b) CdTT-MAG  
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Figure.7.3. ( c ) combined Linear  absorption spectra 

Figure 7.3(a) represents the linear absorption of pure sample. It shows 

that CdTT pure sample has a wide transparency in the entire visible region. The 

absorption peak corresponding to the pure sample is lying in the ultra violet 

region which is clearly indicated in figure 7.3(a). The linear absorption of 

magnetic field applied CdTT is given in figure 7.3(b). The absorption edge is 

located in the UV region  corresponding to a peak wavelength of 277 nm. The 

transparency of magnetic field applied CdTT is as wide as that of the pure 

sample. Figure 7.3(c) shows that the effect of magnetic field has red-shifted  the 

absorption edge of CdTT crystal samples. The values of linear absorption 

coefficient α  for the pure and magnetic field applied CdTT samples were 

determined using the spectra . The absorption coefficient is smaller for the pure 

sample having a value 1.26 cm
-1

. The peak wavelength of absorption and 

corresponding α values for both the pure and magnetic field applied CdTT are 

given in the table 7.1. The wide transparency of the sample crystals make them 

suitable for nonlinear optical applications. 

(c) 
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Table.7.1. Measured values of α and λPeak  

for the two different CdTT samples 

Sample crystal λPeak (nm) α (cm
-1

) 

CdTT- Pure 260 1.26 

CdTT-MAG 277 1.48 

 

7.4.2. Optical Band gap of CdTT 

CdTT sample solutions exhibit a UV absorption in the linear 

measurements. The determination of band gap of the crystalline CdTT  material 

in solution phase is a means for finding the semiconductor or dielectric nature. 

The direct band gap of the CdTT solutions were measured from the graph of 

(αhν)
 2

 verses Eg ,  where Eg  is the optical band gap of CdTT in ethanol. Figure 

7.4(a) represents the  direct band gap plot of  pure CdTT sample. The optical 

band gap of magnetic field applied CdTT was determined from the figure 7.4(b). 

The pure sample exhibits a direct band gap of 4.61 eV. The  direct band gap 

value for CdTT-MAG is 3.9 eV.  The band gap value of CdTT sample solution 

got decreased by the application of magnetic field. The high value of band gap in 

the pure sample may be attributed to the confinement of exciton in pure CdTT 

crystal. The band gap values evaluated in both cases are given in table 7.2. The 

optical band gap energy  in the CdTT was associated with the excitation of an 

electron from the valence band to the conduction band by the absorption of a 

photon.  
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Figure 7.4 Optical direct band gap plot of (a) pure  and (b)  

magnetic field applied  CdTT samples. 

Table 7.2 Measured values of optical band gap of CdTT 

 

 

 

CdTT samples also exhibit indirect band gap [1]. Figure 7.5 represents 

the indirect band gap response of CdTT solutions. The indirect band gap of 

CdTT sample solutions were measured by plotting a graph between Eg along the 

X- axis and (αhν)
1/ 2

 along the Y- axis. The values of indirect band gap were 4.25 

eV for the pure sample and 3.5 eV for the CdTT sample subjected to the 

magnetic field.  The indirect band gap arises from the presence of a broad 

spectrum of phonons. But only few phonons with required momentum 

contributed to the inter band transition giving the band gap energy to the CdTT 

[1]. 

Sample Direct Band gap 

(eV) 

Indirect Band 

gap (eV) 

CdTT -pure 4.61 4.25 

CdTT- MAG 3.90 3.50 

(a) 

2.0 2.4 2.8 3.2 3.6 4.0 4.4

0

500000

1000000

1500000

2000000

(
h

2

E (eV)

(a) 

(b) 



          Chapter  7 

 

181 

 

 

 

Figure 7.5 Optical Indirect band gap plot of  

(a) pure  and (b) magnetic field applied  CdTT samples. 

7.4.3 Photoluminescence studies 

The emission characteristics of CdTT samples were studied using 

fluorescence spectroscopy. The emission spectra of both the pure and magnetic 

field applied CdTT samples in ethanol were taken for different excitation 

wavelengths. The luminescence of CdTT in solution phase were examined 

through these studies. The following figures 7.6 and 7.7 illustrate the 

photoluminescence aspects of CdTT sample solutions. 
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Figure 7.6 Emission spectra of pure CdTT at an excitation wavelength of  

(a) 230 nm (b) 240nm (c)250 nm and (d) 260 nm( e ) 280 nm and(f) 

combined emission spectra 

The wavelengths used for exciting the solution samples of pure CdTT 

were 230, 240, 250 ,260 and 280 nm. The excitations of 230 nm , 250 nm and 

260 nm gave four strong emissions . Figure 7.6(b) indicates that five emissions 

were obtained at an excitation of 240 nm . Only one intense peak was given by 

CdTT pure sample with an excitation wavelength of 280 nm as shown in the 

figure 7.6(e ).  The obtained peaks of emission at different excitations are given 

in the table 7.3.  

(c) 

(f) 

(d) 

(e) 
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Table 7.3 The emission peaks of CdTT pure sample  

at five different excitations 
 

 

 

 

 

 

  

The fluorescence emission studies of magnetic field applied CdTT were 

carried out at six different excitations. The excitation of 230nm, 250nm 260nm 

and 270 nm produce four strong emissions. Three intense peaks were obtained at 

an excitation of 240nm and one sharp emission at 280 nm as in the case of CdTT 

pure sample. Figure 7.7 shows the emission spectra of CdTT-MAG sample. 

Excitation 

wavelength(λexc)           

[nm] 

Emission wavelengths 

(λem) 

[nm] 

230 377, 423,490,535 

240 329,378,420,491,532 

250 383,423,491,533 

260 382,416,490,532 

280 378 

(a) (b) 
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Figure.7.7 

Emission spectra of 

CdTT-MAG at an 

excitation 

wavelength of (a) 

230 nm (b) 240 (c) 

250 nm (d) 260 nm 

, ( e ) 270 nm (f) 

280 nm and (g) 

combined emission 

spectra 

 

(c) 

(d) 

(e) 

(f) 

(g) 

Figure.7.7 Emission spectra of CdTT-MAG at an excitation wavelength of (a) 

230 nm (b) 240 (c) 250 nm (d) 260 nm , ( e ) 270 nm (f) 280 nm and (g) 

combined emission spectra 

 



          Chapter  7 

 

185 

 

The emission peaks of CdTT-MAG sample at different excitation wavelengths 

are given in the table 7.4. 

Table 7.4 The emission peaks of CdTT -MAG  

sample at six different excitations 
 

 

 

 

 

 

 

 

7.4.4 Mechanism of photoluminescence in CdTT 

The mechanism of fluorescence emission in CdTT samples can be 

explained using the following model. The values of ν were taken from the FTIR 

spectra of CdTT crystal [31] and given in table 7.5. Figure 7.8 represents the 

FTIR spectrum of CdTT crystal[31]. The table 7.6 explains the luminescence of 

CdTT sample solutions. The term Te represents the difference in two electronic 

levels as described in chapter 5. The assignments were given on the basis of 

fluorescence emission peaks obtained for CdTT. The fluorescence in CdTT arise 

from the combinations and overtones of the excited electronic  levels. The 

various transitions and corresponding fluorescence emission bands of CdTT are 

shown in figure.7.9. 

Excitation 

wavelength(λexc)           

[nm] 

Emission wavelengths 

(λem) 

[nm] 

230 393, 425, 491,532 

240 379, 421, 491 

250 379, 420, 491, 532 

260 376, 415, 490, 536 

270 377, 420, 489, 533 

280 376 
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Figure 7.8 FTIR spectrum of CdTT[31] 

 

 

 

 



          Chapter  7 

 

187 

 

 

Table 7.5. Values of ν taken from FTIR spectra of CdTT 

 

 

 

 

 

 

 

 

 

Table.7.6 Details of fluorescence bands and assignments of CdTT 

Emission 

wavelength(nm) 

Observed 

Wave 

number 

 

 

Assignments 

Calculated 

Wave 

number 

 

Difference 

 

575 17391 Te - - 

532 18797 Te + ν7 18737 60 

490 20408 Te +ν7 + ν8 20378 30 

450 22222 Te + ν6 +ν9 22248 26 

416 24038 Te  +ν2+2ν5 + 

2ν8 

24042 4 

382 26178 Te + ν8 + 2ν9 26172 6 

340 29412 Te +ν7 + 3ν9 29447 35 

ν(cm
-1

) The values taken from FTIR 

spectra of SrTT(cm
-1

) 

ν1 751 

ν2 927 

ν3 1052 

ν4 1141 

ν5 1221 

ν6 1287 

ν7 1346 

ν8 1641 

ν9 3570 
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Figure 7.9. Schematic of the energy levels involved in the  fluorescence 

spectra of CdTT based on combinations and overtones of various modes 

 

7.4.5 Non radiative decay mechanism in CdTT 

The heat transfer mechanism of CdTT sample solutions were 

investigated using dual beam mode matched thermal lens technique. The method 

of experimentation and the theory of TL technique are explained in detail in 

previous chapters. For the determination of the mechanism of non radiative 

decay in CdTT samples, a trace of Rhodamine-6G dye was incorporated. The 

purpose of addition of dye to the sample solutions of CdTT is to enhance the 

absorption. The presence of dye did not alter the thermal diffusivity of the CdTT 

samples. Figure 7.10(a) shows a typical thermal lens plot of pure CdTT(Rh-

CdTT pure) sample .The solid line in the plot represents the theoretical fit to the 

experimental data which is represented by dark circles. The diffusivity values 

were measured using the fitting parameters tc and θc as described in chapter 6. 

Figure 7.10(b) represents the TL plot for magnetic field applied CdTT –

Rhodamine 6G sample. 
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Figure.7.10  Thermal lens plot of  (a) Rh-CdTT- pure and (b) Rh-CdTT- MAG 

The values of thermal diffusivity of CdTT pure and magnetic field 

applied samples are given in the table 7.7. For the pure CdTT sample the 

coefficient of thermal diffusion D is 8.64 x 10
-3

 cm
2
/S which is very high due to 

the low value of tc. The value of D of CdTT is comparable with that of 

(a) 

(b) 
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Aluminum. Hence CdTT can be employed in heat sink applications [32]. The 

very small value of tc indicates the slow decay of pure CdTT sample. The D 

value of magnetic field applied sample is 7.92 x 10
-3

 cm
2
/S. This indicates that 

the effect of magnetic field enhance the decay rate of CdTT to a great extent. 

This facilitates the tuning of thermal diffusivity values by applying the magnetic 

field to CdTT sample. 

 Table.7.7.Measured values of D, θ ,and tc for Rhodamine-6G incorporated 

CdTT solution 

 

 

 

The mechanism of heat transfer in CdTT can be explained using the non 

radiative relaxation process take place within the crystal. The non radiative 

decay occurs due to the loss of energy by the negative gradient of refractive 

index of the sample[33]. There are few reports on the thermal diffusivity values 

of CdTT available in the literature for comparison [34]. 

7.5. Nonlinear optical studies on CdTT 

The nonlinear measurements of CdTT sample solutions were done by 

employing open aperture Z- scan experiment. The samples of CdTT in solution 

Sample in 

gm/ml 
tc(mS) θc 

D (cm
2
/S) 

x 10
-3

 

CdTT  Pure 15.00 -329.00 8.64 

CdTT  

magnetic 
15.98 -171.25 7.92 
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phase were taken in 1 mm thick cuvette  for experimentation. The experimental 

procedure of Z-scan technique is explained in the previous chapters. The Q-

switched laser having power densities 75 MW/cm
2
, 163 MW/cm

2
 and 251 

MW/cm
2
 

were used for the 

nonlinear 

studies on 

CdTT samples. 

The solution 

samples 

were moved 

along the focal 

plane of a lens using a computer controlled translation stage. The transmittance 

of the samples were detected using two pyro electric detectors. The experimental 

data of  the sample were theoretically fit using a computer program. Figure 

7.11(a) illustrates the nonlinear response of the pure sample of CdTT at three 

different laser power densities. 

 

 

 

 

 

 

Figure.7.11 (a): Combined z scan plot of pure CdTT at three laser powers     

 (P1=75 MW/cm
2
, P2=163 MW/cm

2
 and P3=251 MW/cm

2
) 



        Linear and Nonlinear optical studies on   Cadmium Tartrate (CdTT) crystals 

192 

 

The open aperture Z-scan plots of pure CdTT at various laser power 

densities show valley and peak responses in normalized transmittance. For a 

laser power density of 75 MW/cm
2
 the transmittance reaches maximum at the 

focus thereby giving a peak. This response can be attributed to the saturable 

absorption of CdTT.  For 163 MW/cm
2 

and 251 MW/cm
2
 laser power densities, 

the transmittance goes on decreasing and gives a valley nature. This  decrease in 

transmittance is due to the reverse saturable absorption (RSA) of CdTT. Figure 

7.11(b) gives the open aperture Z-scan trace of magnetic field applied CdTT at 

two laser power densities 75 MW/cm
2
 and 251 MW/cm

2
. From this figure , it is 

evident that the crystals of CdTT-MAG exhibit RSA nature at these two laser 

intensities. 

 

 

 

 

 

 

 

 

Figure.7.11(b): Combined Z-scan plot of CdTT-MAG 

 at two laser powers  75 MW/cm
2
 and 251 MW/cm

2
 

The nonlinear absorption coefficients of both of the CdTT sample 

solutions were calculated using the values of q obtained from the theoretical fit . 

The β values of pure and magnetic field applied CdTT were evaluated . From the 

β values, the imaginary part of third order susceptibility were also calculated 
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using the equation(10) given in chapter 1.The table 7.8 gives the values of β and 

Im (χ
(3)

) of CdTT  samples.  

Table 7.8. Measured values of nonlinear absorption coefficient and 

imaginary part of third order susceptibility [Im (χ
(3)

) ] of CdTT 

 

 

The blank spaces in the table correspond  to the cases where the 

experimental data did not fit with the theoretical ones. The negative value of β 

for the CdTT pure sample at I0=75 MW/cm
2
 indicates the presence of SA. At 

this laser power density the pure sample exhibits reduced absorption coefficient 

as in the case of CaTT crystal. As the laser intensity was increased, the CdTT 

samples show induced absorption thereby giving RSA [35].  The SA of CdTT is 

indicated by the depletion of ground state population. The mechanism of 

nonlinear absorption in CdTT samples can be explained through two photon 

absorption(TPA) since the laser wavelength used is 532 nm. This TPA in CdTT 

samples explained on the basis of an irradiance dependent process [36]. 

7.6. Optical limiting Studies on CdTT. 

Sample 

ß (cmGW-1) 
Im (χ(3)) (esu) x10-10 

I0 (75 

MW/c

m2) 

I0(163 

MW/c

m2) 

I0(251 

MW/c

m2) 

I0 (75 

MW/c

m2) 

I0(163 

MW/c

m2) 

I0 (251 

MW/c

m2) 

CdTT  Pure -60 52 25 -1.83 1.58 0.76 

CdTT  -MAG 51      - 16  1.55    - 0.49 
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The optical limiting response of the CdTT sample solutions were 

investigated using the nonlinear transmission traces given by the open aperture 

experiment. Figures 7.12(a) and 7.12(b) show the limiting response of pure and 

magnetic field applied CdTT samples. 

 

 

 

 

 

 

Figure 7.12(a). Optical limiting response of CdTT-pure  

at (a) 163 MW/cm
2
 and (b) 251 MW/cm

2
 

 

 

 

 

 

 

Figure 7.12(b). Optical limiting response of CdTT-MAG  

at (a) 75 MW/cm
2
 and (b) 251 MW/cm

2
 

The important factor that decides the performance of an optical limiter is 

its limiting threshold. The limiting threshold values of CdTT were determined 

from the plots of transmittance verses fluence as shown in the above figures 
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7.12. The threshold values of limiting for the CdTT sample solutions are given in 

table 7.9. The optical limiting property in CdTT arises from the absorptive 

nonlinearity which corresponds to the imaginary part of the third order 

susceptibility. 

Table.7.9 .Observed values of limiting threshold for CdTT 

 

 

 

 

 

 

   

 

Conclusions 

Two types of Cadmium Tartrate crystals were prepared by solution gel 

technique. The XRD study on these CdTT confirms the crystallanity and 

monoclinic structure. The absorption edge of pure and magnetic field applied 

samples in ethanol solution is located in the ultraviolet region. The wide 

transparency of these crystals in solution phase is detected using the linear 

absorption measurements. The magnetic field applied sample exhibits low band 

gap compared to the pure CdTT. The emission mechanism in CdTT sample 

solutions is studied and explained on the basis of transitions from electronic 

excitation levels. The fluorescence in CdTT is composed of combinations and 

Sample 

Optical limiting 

threshold 

(MWcm
-2

) 

I0 (75 

MW/c

m
2
) 

I0 

(163 

MW/c

m
2
) 

I0 

(251 

MW/c

m
2
) 

CdTT  pure - 139 220 

CdTT   MAG 
62 - 219 
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overtones. The non radiative relaxation from CdTT are investigated using TL 

technique. The coefficient of thermal diffusion was found to show a wide 

variation by the application of magnetic field. This sensitively enables us to 

tailor the thermal properties of the sample by applying a magnetic field.  The 

nonlinear optical studies carried out by open aperture Z-scan experiment reveals 

the presence of RSA and SA at different laser power densities. The RSA nature 

of the CdTT makes them suitable for optical limiting applications. The limiting 

response of pure and CdTT-MAG samples were studied. These studies confirm 

the utility of CdTT in limiting and switching applications. 
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Chapter  8 

 General Conclusions and Future Suggestions. 

 

 

                                             Abstract 

This chapter presents the conclusions of the entire work done in 

this thesis. A summary of future prospects are also mentioned here. 
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8.1. General Conclusions 

Nonlinear crystals use the nonlinear effects to produce harmonic generation 

or other related processes. The crystals exhibiting optical nonlinearity have 

found applications in various fields. Some of the applications of nonlinear 

optical crystals include second harmonic generation, up conversions, down 

conversions, optical parametric oscillators, electro optic devices, optical switches 

etc. The optical nonlinearities exhibited by transparent crystalline materials are 

associated with a nonlinear polarization. Nonlinear metal compound crystals 

show a number of unique features including wide transparency region, broad 

phase-matching range, large nonlinear coefficient and high damage threshold. 

The present chapter concludes the results of various studies carried out on 

certain metallic halides and tartrate crystals . 

a. Synthesis 

Seventeen different crystals including nine lead halides and eight metal tartrates 

were prepared by employing the solution gel technique. The crystals of lead 

halides viz Lead Bromide(PbBr2), Lead Chloride(PbCl2) and Lead 

Fluoride(PbF2) were synthesized. The tartrate family includes Calcium 

Tartrate(CaTT), Strontium Tartrate(SrTT) and Cadmium Tartrate(CdTT) . The 

medium of growth mechanism was hydro silica gel prepared from sodium meta 

silicate.  

b. Structural Study by XRD 

The crystalline nature and structure determination were done using X ray 

diffraction studies. The powder XRD pattern of the gel derived materials 

confirm the crystallanity. The structure of the crystals of PbBr2 and PbF2 is 

orthorhombic and that of PbCl2 is orthorhombic bi pyramidal. The CaTT and 

SrTT crystals belong to the orthorhombic family while the CdTT crystal is 

monoclinic in structure. 
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c. Linear Optical Studies 

Optical properties of the halide and tartrate crystals in solution phase were 

studied using linear absorption and fluorescence spectroscopic studies. The 

thermal diffusivity measurements were performed using dual beam mode-

matched thermal lens experiment . 

� The absorption edges of all the 17 crystals were lying in the ultra violet 

region. The absorption spectra reveal that greater the number of 

molecules capable of absorbing light of a given wavelength, the greater 

the extent of light absorption. The size of the absorbing system and the 

probability that the electronic transition will take place control the 

absorptivity. The linear absorption coefficients of the samples were 

measured at 532 nm. 

� Optical band gap of the lead halide and metal tartrate crystals in solution 

phase were measured using the room temperature UV-VIS absorption 

spectra of respective samples. The direct band gap values of lead halides 

vary from 4.2 eV to 5.2 eV. Lead Bromide solution exhibits minimum 

band gap energy and pure lead fluoride sample shows maximum band 

gap in the halide family.  

� The tartrate crystals of Calcium and Strontium are found to have large 

band gap compared to Cadmium.  The direct band gap of CaTT crystals 

are high and the values range from 5.52 eV to 5.58 eV. The magnetic 

field applied CaTT exhibits the highest band gap .SrTT have band gap of 

the order of 5.4 eV. The CdTT crystals produced direct and indirect 

band gap due to the presence of a broad spectrum of phonons. The direct 

band gap of CdTT ranges from3.90eV to 4.61 eV and indirect band gap 

values are from 3.5 eV to 4.25 eV. 
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� The photoluminescence studies were conducted using the emission 

spectra of the lead halides and metal tartrate samples at room 

temperature. The fluorescence emissions of the sample solutions at 

different excitation wavelengths were taken. The excitonic transitions in 

lead halide crystals are explained by the 6s-to-6p transition in lead ions. 

Luminescence is composed of broad Gaussian bands with large Stokes 

shifts and is indicative of strong exciton acoustic–phonon interaction. 

The exciton relaxation in lead halide crystals in solution phase results in 

spontaneous electron–hole separation. A repulsive correlation is 

ascribable to the origin of electron-hole separation. The emission spectra 

of lead halides show many peaks due to the Stokes shift by the crystal 

field interactions resulting from the strong interaction between phonon 

and Pb2+ ions. 

� A large number of normal modes of vibration are possessed by Tartrate 

crystals. The fluorescence emission spectra of tartrate crystals of 

Calcium, Strontium and Cadmium showed a number of peaks. The 

emission peaks correspond to various combinations and overtones of the 

molecules in the excited electronic levels. The model used to explain the 

luminescence mechanism is well suited for CdTT crystals owing to the 

minimum difference in the observed and calculated bands. 

The non radiative decay mechanism of the halide and tartrate crystals 

incorporated with Rhodamine-6G dye were investigated .The rhodamine -6G 

dye was added to the sample solutions for enhancing the absorption. The thermal 

diffusivity values were calculated using the fitting parameters. The non radiative 

relaxation of energy in these crystals were due to the formation of a refractive 

index gradient that  created  lens-like optical element. Out of the 17 crystals, the 

pure CdTT crystals exhibit high value of thermal diffusion and the magnetic 

field applied SrTT shows a minimum in the thermal diffusion value. The heat 

transfer mechanism of these crystalline materials in solution phase reveal that all 
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these samples expand on heating. The high thermal diffusivity value of CdTT 

pure sample facilitates the tuning of thermal diffusivity by applying a magnetic 

field during the fabrication of the pure crystal. 

d. Nonlinear Optical Studies 

The optical nonlinearity of these crystal samples were studied using open 

aperture Z-scan experiment. These  studies were carried out by focusing the 

input beam onto the sample at 532 nm using a Q switched Nd: YAG laser. 

� All the lead halide crystals show positive nonlinearity and possess 

very good nonlinear absorption. The positive nonlinearity is indicated 

by the transmission minimum at the focal point. The samples of 

PbCl2, PbBr2 and PbF2 exhibit reverse saturable absorption (RSA)  

giving a transmittance valley. The RSA in lead halides reveals that 

there is no depletion of ground state population .The decrease in 

nonlinear absorption in PbBr2 and PbCl2 at higher laser intensities 

suggests that there is a removal of an appreciable fraction of photo 

carriers from the ground state of these crystals. The nonlinear 

absorption coefficient is maximum for PbBr2 solution and minimum 

for electric field applied PbCl2.  

�  The tartrate family shows positive and negative nonlinearity. The 

negative value of nonlinear absorption coefficient is due to the 

presence of saturable absorption (SA) in the respective crystals of 

Calcium, Strontium and Cadmium. The transmittance of these 

samples exhibiting SA shows a maximum at the focal point. The 

transmittance trace shows a peak response in the case of tartrate 

crystals having SA nature. The pure and electric field applied SrTT 

crystals in solution phase show RSA only while the magnetic field 

applied sample shows SA and RSA behaviour. The mechanism of 

nonlinear absorption in halides and tartrate crystals can be explained 
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on the basis of two photon absorption. It is to be noted that no 

previous reports are available in the literature with regard to 

nonlinear absorption measurements of metal tartrate crystals of our 

study. 

�  The crystals of lead halides were well suited for optical limiting 

applications since they exhibit RSA. The limiting threshold is 

minimum for the ultra violet irradiated PbCl2 sample. Among the 

tartrate crystals, magnetic field applied SrTT has minimum limiting 

threshold. Thus the optical limiting studies suggest that the materials 

having low limiting threshold are good candidates for optical limiting 

applications. 

� The crystals of CaTT, SrTT and CdTT have found applications in 

optical switching and limiting devices since they exhibit SA and 

RSA. 

8.2 Future Suggestions 

Some of the future prospects are suggested here based on the studies carried 

out on lead halides and metal tartrates crystals. 

� Preparation of Nano crystals of lead halides and their nonlinear studies 

for Optoelectronic applications. 

� Fabrication of lead halide based glasses and their optical 

characterizations as these glasses are found to have applications in the 

field of nonlinear optics. 

� Fluorescence studies of metal tartrates using lasers. The fluorescence 

emission from metal tartrate crystals especially the tartrates of Calcium, 

Strontium and Cadmium can be extended to excitations using lasers. 
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� Spectral characterizations of doped crystals for optical applications. 

� Preparation of lead based quantum dots owing to their applications in 

various fields of photonics. 

� Nonlinear refractive studies of lead chloride using closed aperture 

technique in order to find out the coefficients of nonlinear refraction and 

thereby the value of third order susceptibility.  

� Fluorescence quantum yield measurements of Calcium and Strontium 

tartrates in different solvents for their applications in wavelength 

shifters. 

� Preparation of thin films of lead halides and their nonlinear 

characterization for photonic applications. 

� Preparation and characterization of mixed crystals of halides and 

comparison with their single crystals. 

� Fabrication and studies on lead halide optical fibers. Since the lead 

halide based optical fibers have found applications in remote 

spectroscopy. 
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