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PREFACE 

In recent years there has been an increasing interest in optically excited 

thermal processes, known as photothermal effects, which use lasers as 

optical heat sources. The photothermal effect in a material is a consequence 

of the deposition of heat in the sample following absorption of a light beam 

and subsequent thermal deexcitaions, or other nonthermal deexcitation 

processes, which result in the indirect heating of the sample. If the excitation 

is modulated, the corresponding temperature variations developed in the 

sample gives rise to a variety of different effects and most directly, to 

periodic temperature variations of the sample, which constitute the basis for 

a distinct experimental technique, known as photopyroelectric (PPE) effect. 

The PPE technique involves measurement of the temperature 

variations in the sample due to absorption of radiation, by placing a 

pyroelectric detector in thermal contact with the sample. The PPE technique 

is the only technique based on the direct detection of photothennal heating, 

and therefore has a number of advantages over other detection schemes 

involving secondary mechanisms (like photoacoustic technique). A PPE 

experiment is rather simple to design and the materials that can be 

investigated range from weakly absorbing solids like thin films or liquids, to 

strongly absorbing solids and liquids or highly diffusing materials.· 

Even though much progress has been made on both theoretical and 

experimental fronts, enough efforts have not been made to exploit the 

advantages of the photopyroelectric technique in the measurement of thermal 

parameters, like thermal diffusivity (a), thermal effusivity (e), thermal 

conductivity (K) and heat capacity (cp ) of solid samples. The technique is 

particularly useful to study thermal properties of samples undergoing 

transitions such as ferroelectric phase transitions, metal-insulator transitions 

etc. In this thesis we present the results of our systematic investigation of the 



variations in the thermal parameters across phase transitions III selected 

systems employing photopyroelectric technique. 

Para-ferroelectric phase transitions are always associated with 

atomic re arrangements or structural changes. The change of structure during 

a phase transition can occur in two distinct ways. Firstly, there are transitions 

where the atoms of a solid reconstruct a new lattice as in the case of an 

amorphous solid changing to a crystalline state. Secondly, there are 

transitions where a regular lattice is distorted slightly without disrupting the 

linkage of the network. This can occur as a result of small displacements in 

the lattice position of single atoms or groups, or the ordering of molecules 

among various equivalent positions. Most of the ferroelectric phase 

transitions belong to the second group. 

Since all the phase transitions involve configurational changes, one 

can identify a physical quantity that is characteristic of the new ordered 

configuration. Such a concept of order parameter was introduced by Landau. 

In a ferroelectric transition the order parameter is the spontaneous 

polarization and he expanded the Gibbs free energy in powers of the order 

parameter in the vicinity of a transition where the value of order parameter is 

very small. Accordingly, a transition is said to be of the same order as the 

derivative ofthe Gibb's function, which shows a discontinuous change at the 

transition. If there is a discontinuity in quantities such as volume and 

entropy, which are first order derivatives of Gibb's function, the transition is 

said to be of first order. If specific heat, compressibility, thermal expansion 

etc. are quantities undergoing discontinuity, which are second order 

derivatives of Gibb's free energy function, the transition is said to be second 

order. Our aim has been to study the variations of heat capacity and thennal 

conductivity of selected ferroelectrics and analyze the nature of phase 

transitions associated with it. 
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The phenomenon of magnetoresistance (MR) is defined as the 

change in electrical resistance (R) of a material in response to an externally . 

applied magnetic field (H). Mathematically, it is written as MR = [R(H)

R(O)]/(R(O), where R(H) and R(O) are the resistances of the material in the 

presence of applied magnetic field and zero fields, respectively. In the year 

1857, W .Thomson (Lord Kelvin) discovered a new phenomenon when he 

was measuring the resistance of iron and nickel in the presence of a magnetic 

field. This phenomenon is known as anisotropic magnetoresistance (AMR). 

It originates from anisotropic spin-orbit interaction and causes the resistance 

to depend on the relative orientation of electric current and magnetization. 

The 151-year-old AMR remained as the main source of magneto resistance in 

ferromagnets till 1988, and there was hardly any improvement in the 

performance of magneto resistive material with time. The general consensus 

in 1980s was that it was not possible to significantly improve the 

performance of magnetic sensors based on magneto resistive effect. In 1988, 

there was an upsurge in the field of magnetoresistance as Fert's group 

discovered that the application of magnetic field to a Fe/Cr multilayer results 

in a huge reduction of electrical resistance, which was found to be much 

higher than OMR and AMR and named it as giant magnetoresistance 

(GMR). A similar effect in Fe/CrlFe trilayer structure was simultaneously 

discovered by Griinberg's group. Albert Fert and Peter Griinberg were 

awarded the Nobel Prize in 2007 for their independent discovery of GMR. 

In this thesis, we have taken up work on photopyroelectric 

investigation of thermal parameters of ferroelectric crystals such as Di 

Calcium lead propionate (DLP), Potassium selenate, mixed valence 

perovskite samples such as Tellurium doped Lanthanum Manganate (La!. 

xTexMn03) and ZnAh04-Ti02 (ZAT) Ceramics and Polytetrafluoroethylene / 

Sr2Ce2TisOl6 Polymer / Ceramic Composites which are used in electronic 

packaging. 
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The thesis is organized into eight chapters as outlined in the 

following paragraphs. To place the work in a better perspective, a detailed 

review of the different photo thennal techniques and their application in 

different area are discussed in detail in the first chapter. 

In the second chapter we present an improved photopyroelectric 

technique, which we have developed, for the simultaneous determination of 

thennal parameters using a pyroelectric transducer kept in contact with a 

thermally thick backing medium. The principle of the technique, 

measurement technique is described in detail in this chapter. The new setup 

which is used for the study of variation of the thermal parameters of the 

materials showing properties like GMR is also described in this chapter. 

Chapter 3 highlights the studies carried out on ferroelectric Di 

Calcium lead propionate (DLP) single crystals. The crystal has a tetragonal 

structure and is reported to have a para-ferroelectric phase transition at 333K 

K. There is a second phase transition at 191K which is associated with the 

methyl group. Details of crystal growth, identification of crystal 

morphology, sample preparation and measurement of all the four thermal 

parameters (thennal diffusivity, thennal effusivity, heat capacity and thermal 

conductivity) of DLP are outlined in this chapter. The measurements have 

been carried down to a temperature of 150 K. The variations of thermal 

conductivity along the three principal axes are interpreted in tenns of phonon 

contribution. Detailed thermal analysis is done by TGIDTA and DSC 

techniques and FTIR spectrum is also taken to understand the chemical 

bonds and their motions in the crystal. 

A detailed photopyroelectric investigation of the thermal 

conductivity anisotropy along the three principal directions in single crystals 

of potassium selenate and its variation with temperature are presented in 

Chapter 4 of the thesis. Potassium selenate is known to exist in four different 

phases between 745K and 77 K. At a higher temperature 745K (T.) it 
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crystallizes in to a centrosymmetric orthorhombic structure. At T2 = 129 K, 

there is a transition to an incommensurate phase and at T3 = 93 K, it 

transfonns to a commensurate form which is ferroelectric. Details of crystal 

growth, identification of the morphology of the grown crystal and 

preparation of the specimen for the measurements are described in detail. 

The variations of thennal parameters along the three principal directions are 

measured and the results are discussed in this chapter. The XRD and DSC 

measurements are also done and the specificheat of this sample at the higher 

transition temperature is calculated from the DSC measurements. 

Chapter 5 is a treatise on the thermal characterization of mixed 

valence perovskite samples - L3(I_x)TexMn03 where x = 0, 0.1, 0.15, 0.2 - by 

varying magnetic field using PPE teclmique. The system is known to exhibit 

GMR properties and under goes transition at temperatures 140K, 240K and 

255K respectively. The sample with x=O.2 doesn't show any phase 

transition. Electrical resistivity and thermoelectric power undergo anomalous 

variations in this temperature range. It is seen that the thermal conductivity 

undergoes anomalous variations in the same temperature range. Details of 

sample preparation, experimental method and results obtained are described 

in this chapter. 

A systematic study of the thermal properties of three samples of 

ZnAh04-Ti02 (ZA T) Ceramics using the photopyroelectric technique. This 

constitutes Chapter 6 of the thesis. Details of sample preparation and the 

results of the measurement are given. A discussion of the results is given 

towards the end of the chapter. 

Chapter 7 reports our investigations on thermal properties of Poly

tetrafluoroethylene / Sr2Ce2 TisO'6 Polymer/Ceramic Composites which is 

reported to be a suitable material for electronic packaging, and investigations 

of its thermal parameters are interesting from this point of view. The results 

are explained in terms of existing models and presented in this chapter. 
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Chapter 8 is the concluding chapter of the thesis. This chapter 

discusses the general aspects of the results obtained on the above five 

samples. It also reviews the scope for future studies on thennal properties of 

samples, which undergo ferroelectric or M-I transition. Scope for doing 

further work using photopyroelectric effect is also outlined in this chapter. 
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Chapter 1 

Photothermal techniques to measure 
thermal properties of solids 

1.1 INTRODUCTION 

Photothennal spectroscopy is a group of high sensitivity methods used to 

measure optical absorption and thennal characteristics of a sample. The basis 

of photothermal spectroscopy is a photo-induced change in the thermal state 

of the sample. Light energy absorbed by the sample results in sample 

heating. This heating results in a temperature change as well as temperature 

- induced changes in thermodynamic parameters of the sample which are 

related to temperature. Measurements of the temperature, pressure, or 

density changes that occur due to optical absorption are ultimately the basis 

for the photothermal spectroscopic methods. Photothermal process is a more 

direct measure of optical absorption than optical transmission based 

spectroscopies. Sample heating is a direct consequence of optical absorption 

and so photothermal signals are directly dependent on light absorption. 

Scattering and reflection losses do not give rise to photothermal signals. 

Consequently photothennal spectroscopy more accurately measures 

optical absorption in scattering solutions, in solids, and at interfaces. 

This aspect makes it particularly attractive for application to surface 

and solid absorption studies, and studies in scattering media [1-8]. 

The basic processes responsible for photothermal signal generation are 

shown in Figure 1.1. 



Optical EJccitobon 

Ahsorption 

Excited State Relaxation 

Tempe1t:ltUre Chang~ Density Changtt;:::!> Pressure Change 

( Thermal. Diffusion) ~coustic Wave) 

Optical Prohe => Refractjve Index Change=> Photothermal Signal 

Fig.I.1: Processes involved in photothermal spectroscopy. Absorption of 
radiation from the excitation source followed by non-radiative excited 
state relaxation results changes in the sample temperature, pressure, 
and density. 

Optical radiation, usually from a laser, is used to excite a sample. 

The sample absorbs some of this radiation resulting in an increase in the 

internal energy. The internal energy is dispersed in two different modes of 

hydrodynamic relaxation. The increased internal energy results in a 

temperature change in the sample or the coupling fluid placed next to the 

sample. This temperature change results in a change in sample or coupling 

fluid density. If the photothennal induced temperature change occurs faster 

than the time required for the fluid to expand or in a few cases contract, then 

the rapid temperature change will result in a pressure change. The pressure 

perturbation will disperse as an acoustic wave. Once the pressure has relaxed 

to the equilibrium pressure, a density change proportional to the temperature 

will remain. In either case there will be a change in temperature induced by 

the absorption of optical energy. This temperature change will in turn result 

in a density change in the sample. In combination, temperature and density 
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changes affect other properties of the sample. Photothennal spectroscopy is 

based on a-measurement of these properties [9-15, 19, 20J. 

There are three main areas that must be considered while attempting 

to obtain a quantitative description of the photothermal spectroscopy signal. 

The flrst is a description of the optical absorption and excited state relaxation 

processes. Optical excitation followed by excited state relaxation results in 

sample heating. The rates and amounts of excited state excitation and 

relaxation will control the rate and magnitude of heat production. The energy 

transfer steps that need to be accounted for are shown in Fig. 1.2. Energy can 

be transferred to the sample by optical absorption and inelastic scattering 

process such as Raman Scattering is inefficient and the amount of energy 

lost to sample is usually small enough to be neglected. After absorption, the 

molecules are in an excited state. Excited state relaxation transfers energy to 

the solvent or sample matrix. Radiative relaxation does not result in 

complete loss of the absorbed energy to the sample. Some of the energy is 

lost in the form of the radiated light. Thermal relaxation transfers the energy 

to the sample matrix and results in sample heating. Excited species may also 

form long lived metastable states that trap energy and prevent further optical 

absorption. This will result in a delayed heating of the sample. The excited 

state species may also participate in photochemical reactions. Photochemical 

reaction can produce heat but also produce new chemical. 

These relaxation processes may all produce excess energy in the 

form of heat. The heat increases the internal energy of the sample. The 

sample will respond to this increased energy [16, 17]. The second area is that 

of the hydrodynamic relaxation. After optical heating, the sample is not in 

thermal eqUilibrium with itself or with the surrounding environment during a 

measurement. Heat generated by the optical excitation and relaxation 

processes will result in thermal gradients between the excited sample and the 

surroundings. The thermal gradients result in heat transport. Heat is 
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transferred within the sample in such a fashion as to move toward thermal 

equilibrium. Hydrodynamic relaxation produces changes in the temperature, 

pressure, and density ofthe sample. 

Optical 

Interaction 

Absorption 
and lilelastic 
&attering 

Ertergy 
Transfer 

Thermal 
Effects 

Fig.l.2: Several of the mechanisms for excited state relaxation are 
illustrated. The main steps are optical interaction, energy transfer, 
sample heating, and thermal effects. Radiative relaxation, metastable 
state production, and photochemical reaction may result in some sample 
heating. Energy transfer step may result in fast or slow kinetic energy 
production 

The third area is that of the signal generation process. Photothermal 

spectroscopy signals are based on changes in sample temperature or related 

thermodynamic properties of the sample. These are usually monitored 

through the corresponding change in the refractive index of the sample or a 
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thermal coupling fluid placed in contact with the sample. Several properties 

may affect the refractive index of the medium [21-34]. The most common is 

the density. However, the refractive index may also change with 

temperature, population in optically excited states, and with chemical 

composition if photochemical reaction occurs. There are a variety of 

instrumental methods used to probe the changes in the sample's refractive 

index. Other instrumental methods used for photothermal spectroscopy 

directly probe the temperature or related thermodynamic properties, but the 

most sensitive methods probe the spatial or temporal gradients of these 

properties. 

Excitation 
Light 

Probe 
Li~ht 

Signal 
Processin~ 

Fig.1.3: A generic photothermal spectrometer showing essential 
features. 

A schematic diagram illustrating the main components used for 

photothermal measurements is shown in Figure 1.3. The experimental 

modules consist of the following six main components; 

1. sample 

2. light source used for sample excitation 
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3. light used to monitor refractive index perturbations 

4. a mask, aperture, or other form of spatial filter for the probe light 

5. an optical detector used to detect the optically filtered probe light 

6. electronic signal processing equipment 

The excitation light heats the sample. The probe light monitors 

changes in the refractive index of the sample resulting from heating. The 

spatial and propagation characteristics of the probe light will be altered by 

the refractive index. The spatial filter selects those components of the altered 

probe light that change with the sample's refractive index. The optical 

detector monitors changes in the probe light power past the spatial filter. In 

some experimental arrangements, a spatial filter and a single channel 

detector are combined using an image detector. Signals generated by the 

photo detector are processed to enhance the signal to noise ratio [35-45]. 

In addition, an apparatus may also be equipped with detectors to 

monitor the excitation and probe light power, a thermostatic sample holder, 

and optical spatial filters to control the spatial profiles of the excitation and 

probe light. This additional equipment is used to control the experimental 

environment and to measure the optical power required to accurately 

quantify changes that occur in the sample. These components are necessary 

when the data must be used to determine absolute absorption of the sample. 

In theory, the photothermal spectroscopy signal can be accurately 

calculated based on knowledge of the experimental set up, the parameters 

that characterize light propa~ation, and the optical parameters of the sample. 

The following steps must be followed for in the calculations; 

1. determine the optical absorption resulting in sample heating 

2. determine the rate of heat production 

3. determine the temporal and spatial temperature and density change 
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4. relate the refractive index change to the temperature or density 

change using the thennal-optical parameters of the sample 

5. calculate the strength of the optical element formed from the spatial

dependent refractive index change 

6. calculate the optical and electronic output signals resulting from 

passage of light through apertures or using specialized detectors. 

1.2 PHOTOTHERMAL SPECTROSCOPY METHODS 

There are a variety of methods used to monitor the thermal state of 

the analytical sample (29, 151, 17). Direct calorimetric or thermometric 

methods use temperature transducers to measure analytical sample 

temperature. Pressure transducers are used to monitor the pressure wave 

associated with rapid sample heating. Photothermal interferometry, 

photothermal deflection spectroscopy, photothermal lensing spectroscopy 

(also known as thermal lens spectroscopy), photothermal diffraction 

spectroscopy, and methods based on sample reflection changes are all based 

on monitoring refractive index changes associated with sample heating. 

Infrared detectors can be used to monitor changes in the sample's infrared 

emission associated with heating. Each of these methods is based on a 

measurement of temperature change associated with increase in the internal 

energy of the analytical sample [41, 43, 46-60]. 

Photo thermal methods have been reported by individuals working 

in sev~al areas of science and technology. Subsequently, there are several 

names that the particular methods are known by. The temperature changes 

reSUlting from the photothermal effect can be detected using a variety of 

methods. These methods are summarized in Table 1.1. 
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Table 1.1 Common detection techniques used In photothermal 
spectroscopy 

Thermodynamic Measured Property Detection Technique 
Parameter 

Temperature Temperature Calorimetry 

Irifrared Emission Photothermal Radiometry 

Pressure Acoustic Wave Photoacoustic Spectroscopy 

Density Refractive Index Photothermal Lens 
Photothermal Interferometry 
Photothermal Deflection 
Photothermal Refraction 
Photothermal Diffraction 

Surface Deformation Surface Deflection 

Temperature can be directly measured using thermocouples, 

thermistors, or pyroelectric devices in the method of photothermal 

calorimetry. Temperature changes can also be indirectly measured using 

methods which monitor infrared emission since the thermal infrared 

emission is related to sample temperature. The method of thermal emission 

or photothermal radiometry of infrared radiation can be used to monitor 

relatively large temperature changes that occur as a consequence of optical 

absOIption. Although not very sensitive, this method has great potential for 

application in nondestructive materials analysis and testing. Using infrared 

sensitive cameras, it can be used for imaging the thermal properties of large 

samples. 

Two other temperature dependent thermodynamic parameters that 

are commonly exploited in photothermal spectroscopy are pressure and 

density. The pressure changes that occur upon periodic or pulsed sample 
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heating can be detected using a microphone or other pressure transducer to 

monitor the acoustic wave. The method of optoacoustic or photoacoustic 

spectroscopy is based on the measurement of this pressure wave. 

Under steady-state, an isobaric condition, the density is related to the 

temperature through the volume expansion coefficient. Temperature 

dependent density changes are difficult to measure directly. But density 

changes can affect the sample in several different ways. In solid samples, the 

density change alters physical dimensions at sample surfaces. Sample 

dimension changes give rise to two optical methods for monitoring the 

temperature change based on surface deformation. A homogeneous 

deformation (expansion or contraction) displaces the surface of the sample. 

Interferometry can be used on reflective samples. Since small displacements, 

on the order of a few parts-per-million of the wavelength of probe beam 

light, can be measured using interferometry, this method may be used for 

sensitive measurement of solid sample absorption. Spatially heterogeneous 

expansion (or contraction) can also cause the surface angle to change. A 

probe beam reflected from the surface will change angle when 

heterogeneous expansion occurs. Measurement of the probe beam angle 

gives rise to the method of photothermal surface deflection spectroscopy 

[61-73]. 

The optical path length changes that occur due to the photothermal 

induced refractive index change can be measured with interferometry. Using 

interferometry, the phase of the monochromatic light passing through the 

heated sample, relative to the phase passing through the reference arm, 

results in a change in power at a photoelectric detector. There are several 

different interferometry schemes that can be used to detect changes in the 

optical path length induced by the photothermal effect. These methods may 

all be classified as being under photothermal interferometry. 
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Spatial gradients in refractive index result in a direction change in 

the propagation of a beam of light. Thus light will exit a medium at an angle 

relative to the incident beam when there is a refractive index gradient in the 

sample. This bending of light path is commonly called photothermal 

deflection and is the basis of Photothermal Deflection Spectroscopy (PDS). 

Spatial dependent refractive index profiles can also result in 

focusing or defocusing of light. This occurs when the refractive index 

profiles are curved. Thus the thermally perturbed sample can act as a lens. 

Light transmitted through an aperture placed beyond the photothermal lens 

will vary with the strength of the lens. Photothermal methods based on 

measurement of the strength of this lens are called photothermal lensing 

spectroscopy. Some experimental methods measure a signal that is due to the 

combined effects of deflection and lensing. These may be generally 

classified as photothermal refraction spectroscopy methods. 

Lastly, a periodic spatial refractive index modulation results in a 

volume phase diffraction grating. The grating will diffract light at an angle 

that meets requirements from Bragg's Law. The amount of light diffracted is 

proportional to the refractive index change. The diffracted light is measured 

with a photoelectric detector. Methods used to measure spectroscopic signals 

based on volume phase diffraction gratings formed by the photothermal 

effects are called photothermal diffraction spectroscopy [74-88]. 

Tanaka [106] has described the advantages of the photothermal 

diffraction technique in great detail. These advantages can. be summarized as 

follows: 

1. High accuracy not required for measuring small absorptions 

2. Signal-to-noise ratio (SNR) increased by increasing the light intensity 

incident on the sample because the absorbed radiation energy is 

proportional to the light intensity 
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3. Thennal-wave techniques mostly insensitive to light scattering 

4. Useful in s wide-photon-energy range, thanks to their sensitive 

detection system 

5. Simple and direct detection measurements 

6. No need for critical alignment of optical components 

1.2.1 Photoacoustic Spectroscopy 

The photoacoustic spectroscopy has evolved over the past two-three 

decades as a powerful method to study those materials that are unsuitable for 

study by conventional spectroscopic teclmiques [90-92]. This teclmique is 

based on the photoacoustic effect, originally detected by Alexander Graham 

Bell in 1880 [4, 5]. It possesses some unique features, mainly due to the fact 

that, even though the incident energy is in the fonn of photons, the 

interaction of these photons with the sample is studied not through the 

subsequent detection and analysis of photons, but through a direct 

measurement of the energy absorbed by the material as a result of its 

interaction with the incident photon beam. 

The photoacoustic (P A) effect is the generation of an acoustic signal 

when the sample under investigation, placed inside an enclosed chamber, is 

irradiated by an intensity modulated beam of light. In case of gaseous or 

liquid samples, the sample fills the entire volume of the cell and acoustic 

signals are detected by a microphone or a piezo electric transducer. In the 

case of solids, the samples fill only a pDrtion of the cell and the remaining 

volume of the cell is filled with a non-absorbing gas like air. The PA signal 

is detected using a sensitive microphone suitably placed inside the celL The 

absorption of the incident radiation will excite the internal energy levels of 

the sample and upon subsequent deexcitation, all or part of the absorbed 

photon energy is converted into heat through non-radiative deexcitation 
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processes. In the case of gas and liquid samples, which fill the entire volume 

of the sample chamber, this internal heating causes pressure fluctuations 

having the same frequency as that of the modulation frequency of the 

incident radiation and can be detected using an acoustic transducer kept in 

intimate contact with the sample. In the case of solid samples which fill only 

a portion of the sample chamber, the periodic heating of the sample results in 

a periodic heat flow from the interior of the sample to the surrounding non

absorbing gas medium whlch in turn produces pressure fluctuations in the 

gas and detected as an acoustic signal by a microphone, suitably placed in 

the chamber. It is also possible to measure the heat generated in a bulk solid 

sample through the subsequent pressure or stress variations in the sample 

itself by means of a piezoelectric detector in intimate contact with the 

sample. Even though the sensitivity in this case is better, it is not always 

possible to employ a piezoelectric detector due to the limitations imposed by 

the nature of the sample. Also, the use of piezoelectric transducers is very 

difficult for PA measurements that involve variations of the sample 

temperature over a wide range. 

A schematic diagram of photoaccoustic detection process is shown 

in Fig. 1.4 During a photo acoustic measurement the sample is enclosed in a 

small, tightly closed sample compartment called photoacoustic cell (usually 

cylindrical in shape).The photoacoustic effect is based on the sensitive 

detection of acoustic waves launched by the absorption of pulsed or 

modulated laser radiation via transient localized heating and expapsion in a 

gas, liquid, or solid. When the laser hits the sample, some of the energy is 

absorbed by the molecules in the samples resulting in a region of higher 

temperature. The rise in temperature will generate an expanding region and a 
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Fig.l.4: Diagram showing tbe generation of acoustic waves and their 
detection 
pressure wave will propagate away from the heat source. The periodic 

pressure wave can be detected using a pressure transducer in contact with 

sample (piezo electric) or in contact with contact gas (microphone) in the 

photoacoustic cell. Fig. 1.5 shows the details of the cell and signa l generation 

process. The pressure transducer signal is proportional to the amplitude of 

the pressure wave. 

Spectroscopy is however; only one of the several applications of PA 

effect In the spectroscopic regime itself, photo acoustics can be used 10 

measure the absorption and excitation spectra, the life time of excited slates 

and the quantum yield of radiative processes. In addition to this, the 

calorimetric or therma l aspects associated with the PA effect offers a wide 

range of applications to study the thennal and elastic properties of materials. 

In such studies, the calorimetric or acoustic aspect of photoacostics plays the 

dominant role, while the optical part is simply a convenient mechanism for 

heat generation. Such applications include measurement of thennal 

parameters, thennal wave imaging and study of phase transitions in solids 
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Fig. l.S: Photoaccoustic effect from a sample 

1.2.2 Photothermal DeOeclioD 

Photothermal Deflection Spectroscopy (POS) was introduced by 

Boccara, Fournier, and their collaborators in 1979 [11]. The basic 

phenomena of POS are the deflection of a light beam when it travels through 

a refractive index: gradient created due to a temperature gradient in a 

medium. In POS, two laser beams are used. One is the probe laser beam 

which passes through the sample being studied and the other is a modulated 

pump laser beam, whose wavelength is absorbed by the sample. Fig. 1.6 

shows the schematic representation of principle of photothennal deflection 

spectroscopy. 

The modulated pump beam creates a thennal diffusion wave inside 

the sample. This is due to the conversion of optical energy absorbed from the 

modulated pump beam into thennal energy. The optically generated thennal 

oscillation penetrates the surrounding gaseous or fluid medium within a 

thennal diffusion length and causes a modulated change in its refractive 
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Fig.l.6: Principle of pbototbermal deflection spectroscopy 

index right above the optically pumped region. A probe laser beam traveling 

parallel to the surface will be deflected harmonically and the phenomenon is 

known as the mirage effect or photothermal deflection. 

The amplilUde and phase of the deflected probe beam carry 

information about the optical and thenna physical properties of the 

absorbing solid or liquid. Another source of deflection is the thenna elastic 

. deformation bump generated by intennittent laser heating and thennal 

expansion. A probe laser beam directed at an angle to the surface will be 

deflected by the bum p. The modulated pump beam creates a thermal 

diffusion wave inside the sample. 

The deflection angle of the probe beam is usually measured using a 

position sensing detector which is placed at a distance from the sample. A 

change in angle al the sample results in a displacement of the probe laser 
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spot on the detector. For small angles, the linear displacement of the probe 

laser beam spot is directly proportional to the deflection angle. The 

magnitude of the signal will be a function of the position of the probe laser 

beam from the surface. There is an optimum offset for maximum signal. 

This optimum offset is a function of time. This is the time required for the 

change in temperature to diffuse to the region probed by the laser. For a 

particular offset distance, the time-dependent deflection signal will rise and 

then fall with time. The time taken to obtain maximum signal and the 

magnitude of the maximum signal are both functions of the displacement of 

the probe laser beam relative to the surface 

Photo thermal deflection (PTD) can also be used to study 

transparent samples. There is a subtle distinction between the photothermal 

methods used for surface and transparent sample analysis. For surface 

analysis, the probe laser is used to detect a refractive index gradient formed 

in the media above the surface. In transparent samples, the refractive index is 

changed within the sample itself. To study these samples, the excitation and 

probe lasers propagate collinear through the sample. So the deflection angle 

signal is essentially the same as the pulsed laser photothermal lens inverse 

focal length. This method is very similar to photothermal lens spectroscopy. 

Photothermal lens and photothermal deflection methods both rely on the 

generation of a refractive index gradient in the sample itself. Collectively, 

they have become known as refractive index gradient detection or 

photothermal refraction spectroscopy methods. 

1.2.3 Photothermal Interferometry 

The concept of thermal wave interference introduced by Bennett and 

Patty [92] in the early 1980s has gained considerable interest in recent years 

after Shen and Mandelis [93] demonstrated the feasibility of pyroelectric 

detection of a thermal wave propagating across the air gap formed between a 
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pyroelectric sensor and a thin aluminum-film wall acting as the source of 

thermal waves. The main attractive aspect of this new photothermal 

technique, originally called thennal wave resonant cavity, and later, thermal 

wave interferometer (TWI) by some other authors, is that it is well suited for 

the investigation of the thermo physical properties of gases and liquids. This 

can be appreciated by the growing number of papers that have recently 

applied this new technique to the investigation of the thermal properties of 

gaSes 

[94-98] and liquids [99]. The reason the TWI technique is so 

attractive for the investigation of gases and liquids is evident from its 

operational principle, namely, the monitoring of the spatial dependence of 

intracavity thermal waves. The basic design of the TWI cavity consists of 

two walls separated by a gap of variable length L. One of the walls is a 

thermal wave generator and the other one is a temperature-sensing wall. The 

thermal wave generator consists of a thin aluminum foil on which a 

modulated light beam impinges on its black-painted outer surface, acting, 

accordingly, as a light absorber. Following the absorption of the modulated 

light beam, the Al foil temperature varies periodically at the modulation 

frequency of the incident beam, thereby launching thermal waves into the 

gap between the two walls. The thermal waves thus generated propagate 

back and forth between the Al foil and the sensing wall, which consists of a 

thin-film pyroelectric sensor. The TWI method consists essentially of 

recording the temperature fluctuation of the pyroelectric sensor as a function 

of the cavity gap length. The gas or the liquid sample is contained in the 

cavity. That is, the technique is essentially based on measuring the 

temperature fluctuation on a sample of variable thickness. This fact renders 

this technique well suited for gas and liquid samples analysis [100]. 

A one dimensional geometry of the system is shown in Fig.I. 7 
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Fig. 1.7: Geometry ofthe TWI signal generation in which the incident 
light 

1.2.4 Photopyroelectric Effect 

The pyroelectric (PE) effect consists in the induction of spontaneous, rapid 

polarization in a noncentros~etric piezo electric crystal as a result of a 

temperature change in the crystal. The pyroelectric property offers the 

possibility to use PE materials for a number of applications. PE sensors 

present five main advantages that make them suitable for many applications. 

1. Sensitive in a very large spectral bandwidth 

2. Sensitive in very wide range of temperature with out any need for 

cooling 

3. Low power requirements 

4. Fast response 

5. Generally low cost materials. 

At first this effect was mainly employed in the detection of radiation, 

especially infrared, and in laser power measurements as well as in solar 

energy technology. During the last few years, the pyroelectric sensors have 

also found applications in thermal wave tomography for subsurface defect 
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detection. Recently the pyroelectric phenomenon has also been used for the 

manufacturing of gas sensors. 

Pyroelectricity is the manifestation of the spontaneous polarization 

dependence on temperature of certain anisotropic solids. This effect is 

exhibited only by solids that satisfy crystallographic requirements such as no 

center of symmetry for the crystal lattice and no more than one axis of 

rotational symmetry for the crystal. A pyroelectric material becomes 

electrically neutral when in a constant temperature environment for a period 

of time. If there is a small change of temperature, the pyroelectric material 

becomes electrically polarized and voltage arises between certain directions 

in the material. Pyroelectric materials exhibit the property that the 

polarization vector is function of temperature. As the temperature varies, the 

surface charge also varies because of dimensional changes in the 

pyroelectric. This property results in a potential difference between the two 

opposite surfaces of the material, generally known as pyroelectricity. 

Photopyroelectric (PPE) spectroscopy is one of the important 

photothennal teclmiques. With PPE spectroscopy the transmitted light 

generates a strong pyroelectric signal that, in some limits, is easy to 

distinguish from the signal because of the absorption of light in the sample 

itself. Or else we can say that PPE spectroscopy is technically less complex 

and less expensive than PAS: instead of a microphone, a pyroelectric thin 

film is used for the detection of the thermal wave. Among the advantages of 

the pyroelectric teclmique, the important are listed below 

1. Possibility of operation over a wide temperature range (10 to 440K 

) 

2. Short response time 

3. Less complex configuration for ultrahigh vacuum studies 

4. Faithful response in gaseous as well as in liquid media. 
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PPES has the useful capability of perfonning Nondestructive evaluation 

(NDE) and depth-profile analysis of a light absorbing material. 

Depending upon the signal generation and detection mode we can 

have three main types of photopyroelectric analysis. 

• Frequency-domain (F-D) scheme: harmonic modulation of the 

incident light at a single frequency and simple pyroelectric 

calorimetric detection [126) 

• Frequency multiplexed excitation: correlation and spectral 

analysis of input and output signal channels. [134] 

• Time domain measurements: pulsed optical excitation of the 

sample and PE detection. [135-139] 

Figure 1.8 shows generic pyroelectric photothermal instrumentation, 

inclusing pulsed optical excitation and detection. 

Frequency - domain PPE instrumentation is the simplest of the three 

modes. Infact, the experimental setup of this technique does not present any 

particular problems. The cost of the instruments is relatively low and the 

basic parts of the pyroelectric photothermal instrumentation are relatively 

abundant in quantity in scientific laboratories. Photopyroelectric PVDF thin 

film detectors yielding high-quality signals are commercially available at a 

very low cost. 

Frequency-domain photopyroelectric measurements can be divided 

into two main groups: the back detection technique (BOT) and the front 

detection technique (FDT). This..thesis deals with the back detection method, 

for completeness we first describe the front detection technique. 

Marinelli et at.. [141] were the first to use the PPE technique in the front 

detection mode. The configuration of the technique is given in Fig. 1.9. As it 

is seen in Fig. 1.9, one side of the detector is in contact with the 
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Fig.l.8: Generic pyroelectric photothermal instrumentation, including 
pulsed optical excitation and detection 

sample, while the opposite side is illuminated. In this case, light strikes 

directly on the detector and not on the sample. In back detection teclmique, 

one side of the sample is in contact with the detector, while the opposite side 

is illuminated. The configuration for the teclmique is shown in Fig. 1.10. The 

advantage of the FDT is that it can be used in a wide frequency range and it 

can attain a large signal at a high frequency limit, which allows a high depth 

resolution in the sample. 
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Fig. 1.9 (A): One-dimensional geometry for the photopyroeledric 
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Fig. 1.9(B): Experimental configuration of the sample and detector for 
photopyroelectric froot detectioD 
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Fig. 1.10 (8): Es:perimental configuration of the sample and pyroelectric 
transducer for pbotopyroel«:tric back detection 
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Figures 1.11 a and b show methods of construction of a pyroelectric 

detector by using PVDF thin film. In tbose figures one can see the IR 

absorbing layers, tbe metallic electrodes as well as the PVDF films. In 

Fig.l . ll a the incident radiation is constant and therefore the output voltage, 

VC), is d.c. On the other hand, in figure 1.11 b the beam was modulated by a 

mechanical chopper, and as a result the output voltage, V (0, has an 

alternative from depending on the modulation frequency f. 

V Incident V 
0 radiation 

t 
J' '-../" J' '-../" 

lR Electrode JR 
absorbing s absorbing 
layer JaYe< 

A B 

Fig .1.11: The basic idea of tbe photopyroelectric spectroscopy. (a) 
d.c. PPE induced voltage. (b) Photothermal modulatioo and a.c. 
ioduced voltage 

Figures 1.12a we present the PPE detection in transmission mode. In this 

case the output voltage depends on the light's wavelength, the frequency, 

and the optical properties of th~ sample such as the reflectance, R, and the 
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absorption coefficient, p. Finally figure 1.12h shows the detection in thermal 

mode. In this case the sample is directly in contact with the pyroelectric 

detection. The output voltage in addition to the previous factors. f. A., R. and 

p. depends on the thennal properties of the sample such as the thennal 

diffusivity. a and the nonradiative quantum efficiency '1. 

Sample 

~ 
TnrittPnt ~tti::ttinn 

(A) 

IR absorbinQ laver PIPrtrMP~ 

Sample 

~ 
Tnrittpnt r::t"i~tinn 

(D) 

! '-./ 
IR absorbinQ laver I='IPrtrMPC: 

Fig.1.12 (a) PPE detection in traDsmission mode. 
(b) PPE detection in tbermal mode 
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Christofides et al.· [142] used two different thickness of 

polyvinylidene difluoride (PVDF) film with two different thickness, 28 ).llll 

and 52 Ilm as pyroelectric detector in order to obtain thermally thick 

pyroelectric conditions. The thickness of the detector and the modulation 

frequency must be such that the condition 

a 
J» I' =-p 

Jc L2 
7r P 

(1.1 ) 

is satisfied according to the definition of the thermally thick limit. fZp and Lp 

are the thermal diffusivity and the thickness of the detector respectively 

[126]. In Eq. (1.1),!c, the critical frequency equals 22 Hz and 5 Hz for the 

PVDF film of thickness 28 Ilm and 52 ).llll respectively. The thermal time 

response of the PVDF film depends upon its thickness, since a longer time is 

needed for a thicker detector to reach thermal equilibrium within the 

pyroelectric after excitation [128); yet for a range of low frequencies (0.5 to 

600 Hz) this dependence is significant. The frequency response 

characterization experiment is necessary to work in a frequency range 

greater than 25 Hz or so in order to satisfy the conditions of the theoretical 

models. 

So we can say PPE spectroscopy is technically less complex and 

less expensive than any other photo thermal methods. The necessary 

condition for the experiment depends only on the thermal thickness of the 

detector, which is very easy to satisfy. However, one disadvantage of PPE 

spectroscopy is its susceptibility to acoustic noise [91]. This problem can be 

partially alleviated by isolating the mechanical chopping system from the 

optical table that supports the rest of the instrumentation. 
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1.2.5 Theory of Photopyroelectric Effect in Solids 

The fIrst successful attempt to derive a general expression for the 

photopyroelectric signal voltage developed in the pyroelectric detector, in 

intimate contact with a sample was made by Andreas Mandelis and Martin 

Zver in 1985 [126]. They put forward a one-dimensional photopyroelectric 

model of a solid sample in contact with a pyroelectric thin fIlm detector, 

supported on a backing material. The emphasis is placed on the conditions 

and / or restrictions imposed on the values of the system parameters so that 

the technique can produce signals linear with the optical absorption 

coefficient of the material under investigation. The limits of validity of 

photopyrolectric spectroscopy as a spectroscopic technique are also 

identified herewith. 

A one-dimensional geometry of a photopyroelectric system, as 

suggested by Mandelis and Zver, is shown in Fig. 1.13(a). They considered a 

solid sample of thickness Ls , irradiated by a monochromatic light beam of 

wavelength A, whose intensity is modulated at an angular frequency OJo by a 

chopper. The sample has optical absorption coefficient Ps (AJ and is in 

intimate contact with a pyroelectric detector of thickness Lp. The optical 

absorption coefficient and pyroelectric coeffIcient of the detector are {Jp(A) 

and p respectively. The detector is supported on a backing material of 

thickness Lb, large compared to Ls or Lp. The incident light is assumed to 

illuminate the sample surface unifonnly. Light absorption by the sample 

surface and non-radiative energy conversion to heat causeS" the temperature 

increase of the pyroelectric thin fIlm. This temperature increase results 

in a potential difference between the upper and lower surfaces of the 

pyroelectric detector. This voltage VIOJo, f3s(A)] causes an electrical signal, 

which is measured in the external circuit, through the connections to 

the pyroelectric detector as in Fig. 1.13(b). 
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The charge accumulated in the pyroelectric, due to a change liT in 

temperature is given by 

Q = pLJT (1.2) 

For a pyroelectric film of thickness Lp, the average charge induced due to the 

pyroelectric effect is 

The average pyroelectric voltage is then given by 

v = (Q) 
c 

where C is the capacitance per unit area of the thin film. 

(1.3) 

(lA) 

For two parallel charged plates of thickness Lp and dielectric constant K, Eq. 

( 104) becomes 

( 1.5) 

where Bp(wJ = ~ fTp(wo,x)dx 
Lp 

(1.6) 

Here, 60 is the permittivity constant of vacuum (8.854 x 10-[2 CNm), 

Tp (wo ,x) is the temperature field in the pyroe1ectric detector as a result of 

heat conduction processes through the solid. For the geometry shown in Fig. 

1.15 (b), Tp (wu ,x) can be found from the solution of one-dimensional 
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Fig. 1.13 (a): One-dimensional geometry of the photopyroelectric set up. 
g, S, P and b stand for the gas medium in front of the sample, sample, 
pyroelectric detector and backing respectively 
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Fig. 1.13 (b): Electrical equivalent circuit of the photopyroelectric set up 
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thennal transport equations. Assuming that there is negligible optical 

reflection and radiative heat transfer coefficients on the sample surface and 

pyroelectric-sample interface, the appropriate heat diffusion equations have 

the fonn 

x ?c.O 

(1.7a) 

( 8' T~~o,X)) {~o )r, (Wo ,x ) = _ ( IO~,1J' }xp(P, x), 

-L ~x~ 0 s 

(1.7b) 

( a'~~.x) H i~ )r.(%x)=-( loP' '7p~:-P.4)}x)( pp(x+L,)) 

(L7c) 

The subscript j refer to the respective media j = s, p, b or g as in Fig. 1.15 

(a). The various terms in the above equations are defmed as follows 

10 = Intensity oflight source 

kj = Thermal conductivity of the respective mediaj (= s, p 

gor b) 

fZ.j = Thermal diffusivity of j 

1]s, 1]p = Non radiative conversion efficiencies for the absorbing 

solid and pyroelectric 
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The boundary conditions of temperature and heat flux continuity at all 

interfaces are given by 

1; (mo ,boundary) = 1j (mo ,boundary) 

( l.8a) 

8 8 ( ) k; 8x Tj(mo,boundary) =kj 8x T j mo,boundary 

So the complex solutions to equations (1.7) are 

( J
II2 

where (J". == (1+i) a. and a. = ~o 
J j) 2a. 

J 

(l.8b) 

( l.9a) 

( l.9c) 

(1.9d) 

( 1.10) 

and aj is the thermal diffusion coefficient of the respective media. 

The quantity of interest is the function for the temperature variations 

in the pyroelectric Tp (010, x). The coefficients in Eq. (l.9c) can be 

detennined using the boundary conditions (1.8a) and (1.8b). So after a 

considerable amount of algebraic manipulation, the general expression for Bp 

(010) is obtained as 
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(1.11) 

Further, substitution of Eq. (1.11) into Eq. (1.5) gives the expression for the 

complex pyroelectric voltage as a function of modulation frequency of light 

and optical, thermal and geometric parameters of the sample/pyroelectric 

system. 

Special cases 

Equation (1.11) demonstrates explicitly that the thickness averaged 

photopyroelectric signal is a function of both the optical and thermal 

parameters of the sample under investigation. The complicated dependence 

of the signal on the sample parameters makes it difficult to give a physical 

interpretation to the general case. Therefore several special cases are 

considered according to the optical opacity and transparency of the sample. 

The classification scheme used here is adopted from Rosencwaig and Gersho 

(127]. All cases considered here have been classified according to the 

relative magnitudes of three characteristic lengths in the solid and the 

pyroelectric namely 

1. Thickness, Ls or Lp 

11. Optical absorption depth, j.ip or P fJ p defined as 

P-J 
Pp == . 

J J 
( 1.12) 

iii. Thermal diffusion length, Ps or /Jp defined as 
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I a. (2 J
1I2 

/lj= aj = 0); ( 1.13) 

For the special cases of the photopyroelectric signal discussed below, the 

time dependent factor exp (iOJot) in Eq. (1.5) has been omitted, as it does not 

affect the amplitude or the phase lag of the complex envelope of the signal. 

A. Optically opaque and thermally thick pyroelectric 

This case occurs experimentally at high chopping frequencies 0)0 / or for 

thick detectors. 

For this limit PPp «Lp. lip < Lp and PPp < lip. So in Eq. (Lll), we set 

Then 

+{ys -I)(bsg -l)exp(- 0'. LJ 1 exp(-flsLJ} + (1Jp ex
P(-flsLJJ 

kp {Jp 0' p 

{(bsg + 1 )(bps r p + 1 )exp(O's Ls) + (bsg -1 )(bpsr p -I )exp(-O's Ls)} ] 

+ l(bsg + 1 )(bps + I) exp(O's LJ+ (bsg -I )(bps -I )exp(- O'sLJ J (1.14) 

A. 1: Optically opaque sample (pp, «Ls) 

In Eq. (1.14), we set exp (-Ps LJ E'O 

Case A.1(a):Thermally thin sample (Ps» Ls, I{ »Pp,) 

In Eq. (1.14), set exp(± O's LJ>=::: 1 and I rs I » 1 

34 



where A = plo 
2kEo 

(1.15) 

(1.16) 

Eq. (1.15) shows that the photopyroelectric signal voltage is independent of 

Ps. This behaviour is tenned as photopyroelectric saturation. The signal 

depends on the thennal properties of both the gas and the pyroelectric and it 

varies with the chopping frequency as m~1 and its phase lags by 900 to that 

of the reference signal. 

Case A.I (b): Thermally thick sample (Ps « L., I{ > Pp, ) 

In Eq. (1.14) we set exp(-o-sLJ == 0 and I Y. I > 1 

Assuming that I Ys I > hgs, Eq. (1.14) reduces to 

V(Wo)~ A( kJI~~.JWJ exp[ -(;:.r L.] exp [ -i(; + (;;. f)] 
( 1.17) 

In this limit the photopyroelectric signal, initially saturated with respect to 

the thennal properties of the contact gas, has now been replaced with those 

of the solid. Eq. (1.17) indicates that in this limit the photopyroelectric signal 

can be used, in principle to detennine its thennal diffusivity as if the 

thickness Ls is known or vice versa. 

Case A.I(c): Thermally thick sample (Ps « L .• , Ps < Pp, ) 

In Eq. (1.14), set exp( -o-sL.} == 0 and I rs I < 1 

Here two possibilities can occur 
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(i) I Ys I < bsg < 1, then 

( 1.18) 

This is called thermal transmission spectroscopy. As long as Jls < Jlp, ' the 

exponential tail of the heat wave generated within Jls in the sample is 

communicated to the pyroelectric transducer, thus producing a signal linear 

in /3s and of small magnitude. Therefore, the technique can be used in this 

limit as a spectroscopy, yielding signal information similar to the absorption 

spectra. 

The other possibility considered is 

So Eq. (l.14) becomes 

V(@O.PJ=-AP{ kp0':;,~j@~ Jexp[ -( ;:;, r L, ]exp [ -{ ;:;, r L,] 
( 1.19) 

Eq. (1.18) predicts a spectral nonlinearity. i.e. V((i)o,pJ ex P:. This 

dependence will distort the spectral information from the sample. Therefore 

it is regarded as undesirable. 

A. 2: Optically transparent sample ( 11 Ps> Ls) 

In this limit, exp (-/3., LJ = 1 -~ Ls 

Case A. 2(a): Thermally thin sample (J.Js »L" j.l, > Jlps) 
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In Eq. (1.13), we set exp( ± 0'. L,J :; 1 and 11. I > I 

So Eq. (1.13) becomes 

(1.20) 

The photopyroelectric voltage is proportional to f3sL., provided that '7s ~ '7p

In the experimentally common case, where '75 - '7p - J and bgp < J, the signal 

carries neither optical nor thermal infonnation about the samples and it is 

entirely generated by light absorption in the pyroelectric. 

Case A. 2(b): Thermally thin sample (Ils > Ls. Ils < J.LjJ, ) 

In Eq. (1.14), set exp ( ± asLJ:; 1 ± asLs and 11. I < I 

Further, if we assume that 

(i) 11. I » I asLs I i.e., J.L; > J.Lp, Ls 

So Eq. (1.13) reduces to 

(1.21) 

This case is similar to A. 2(a), in that for '7s - '7P - J, no optical or thermal 

infonnation about the sample is obtained. 

Now, if we assume that 

(ii) 11. I « I asLs I, then 

V(wo,pJ = Aap[ (1Jp + T7sPs LJ(1 - PsLJ]exp(_i~) 
k p OJo 

( 1.22) 

Here, if '7s - T/p - J, the photopyroelectric output will be proportional to 
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[1 - (Ps L.J2J with a {[)~J frequency dependence. This limit is nonlinear in Ps 

and the spectral information from the system will be similar to distorted 

transmission spectra. 

Case A. 2 (c): Thermally thick sample (A < Ls, f.J, < /-lps) 

The approximations in Eq. (1.l4) are exp( - CTs LJ := 0 and I Ys I « 1. The 

photopyroelectric output is 

(1.23) 

In this limit, the technique is equivalent to optical transmission spectroscopy. 

This is of great experimental interest, because the photopyroelectric signal is 

proportional to [1 - PsLsJ. Therefore the technique can yield information 

similar to the transmission spectrum. 

Cases A. 1 (c, i) and A. 2 (c) are the only spectroscopically important cases 

which give direct information about the optical absorption coefficient of the 

sample material as a result of thermal and optical transmission respectively. 

B. Optically opaque and thermally thin pyroelectric 

This case is likely to occur at low chopping frequencies UJo and / or very thin 

pyroelectric films. Under this condition, /-lps »Lp and Jip » /-lp, 

On setting exp(-/Jp Lp) ;= 0, exp( ± CTpLp):= I ± CTpLp; I r pi» 1 in Eq. 

(1.14), we get the expression as 
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(1.24) 

There are six spectral limits of Eq. (1.24) involving relationships between J.ls, 

/Jp, and L s, identical to cases A.I and A.2. For each limit, in the case of a 

thennally thin pyroelectric transducer, the simplified expression for V(OJo. 

f3J, which results from Eq. 0.24) is similar to the respective expression in 

the case of the thennally thick detector previously discussed, with the 

substitutions - 110;, replaced by Lp and kpGp with kbGb. According to these 

substitutions, the cases of spectroscopic interest in the limit of a thennally 

thin pyroelectric are 

Case B.l (c, i)= Thermal transmission mode 

( 1.25) 

Case B. 2 (c)= Optical transmission mode 

(1.26) 
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The frequency dependence of the photopyroelectric voltage in all cases (B) 

is consistently with a factor lV~1 / 2 lower than all cases in (A) 

The results obtained shows some trends familiar from other thermal 

wave spectroscopies, such as photoacoustic and photothermal deflection 

spectroscopy as well as some unique features. The calculations show that the 

photopyroelectric voltage is governed by the interplay between the optical 

absorption in the sample and in the pyroelectric transducer itself. This 

suggests that it is experimentally advantageous to work with optically 

opaque transducers whose flat (i.e., photopyroelectrically saturated) spectral 

response does not interfere with the spectral measurements on the sample. 

Opaqueness can be achieved through coating the photopyroelectric surface 

with metallic thin layers (e.g. nickel) [128] or black absorbing materials 

[129J. 

The present theoretical considerations help to establish 

photopyroelectric spectroscopy as a valid spectroscopic technique, with high 

promise in the realm of flexible in-situ non-destructive probing of samples 

and in applications at very high frequencies as piezoelectric or pyroelectric 

thin films (such as PVF2) [130]. These features set this technique ahead of 

photoacoustics and photothermal spectroscopies. 

Mandelis, in his theory assumed total absorption of radiation by the 

pyroelectric sensor. Chirtoc and Mihliilescu in 1989 [131] put forward 

another theory to understand the role played by the finite reflectance at the 

sample-pyroelectric interface and the mechanisms responsible for the peak 

inversions observed in the reflection-mode PPE spectroscopy [132,133] 

since these questions have found no satisfactory answers in the 

framework of the former theory. It has been shown that the assumption of an 

arbitrary value for the reflectance completely changes the physical nature of 

the PPE effect, featuring simultaneous optical absorption and transmission 
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characteristics. Hence it creates a very diverse experimental opportunities for 

optical and thermal investigations of solid, liquid or even gaseous 

substances. 

1.3 APPLICATIONS OF PHOTOPYROELECTRIC 

SPECTROSCOPY 

The pyroelectric (PE) property offers the possibility to use PE materials for a 

number of applications. In fact PE sensors present five main advantages that 

make them suitable for many applications as has been described already. 

The advantages of PE detectors make the photopyroelectric 

technique an ideal one for the thermal and optical characterization of 

samples ranging from metals to insulators. Now we will discuss some of the 

important applications of the photopyroelectric technique. 

1.3.1. PPE Spectroscopy in Semiconductors 

In 1984, Coufal and Mandelis [101, 102J used for the fIrst time, thin 

polyvinylidene difluoride (PVDF) fIlms for photothermal wave 

spectroscopic detection. Shortly thereafter, Coufal showed that 

photopyroe1ectric spectroscopy can be a very sensitive qualitative tool for 

thin film spectroscopic applications [l 03). Mandelis et al. [104 J used the 

PPE spectroscopy for electronic defect center characterization of crystalline 

n-CdS. These authors performed several experiments in open circuit as well 

as in conjunction with photocurrent spectroscopy in the presence of a.c. or 

d.c. transverse electric field. This study [105J showed the potential of the 

technique to give information concerning non-radiative de-excitation 

mechanisms at defect centers. Tanaka [144J and Tanaka et al. [105] showed 

that frequency domain PPE spectroscopy is also very promising for 

qualitative analysis. 

41 



PPE spectroscopy was also used for the characterization of thin 

semi conducting films. Mandelis et al. [105] have performed spectroscopic 

measurements of an a-Si: H thin film on quartz. These authors further 

compared their experimental PPE spectra with similar spectra obtained by 

conventional widely used photothermal deflection spec1rOscoPY (PDS). It 

was shown that PPE spectroscopy has the ability for easy and consistent 

experimental acquisition of non-radiative quantum efficiency spectra, a 

property not shown by PDS. It is the necessity for a coupling fluid that is 

partly the cause of the lack of spectroscopic applications of PDS at 

cryogenic temperatures. Another disadvantage is the pump-probe beam 

alignment requirement for PDS detection. This frequently led to the need for 

three-dimensional models to interpret the data quantitatively. The 

consideration of these advantages led to the development of PPE 

spectroscopy. 

PPE technique has been used to study the thermal properties of In

Te glasses during electrical switching by Rajesh et.al. [146]Lot more studies 

are done on semiconducting glasses by Rajesh et.al [145, 147, 148]. 

1.3.2. PPE Spectroscopy in Paramagnetic and Ferromagnetic 
Materials 

In 1982, Melcher and Arbach [107] reported the use of pyroelectric 

sensors to detect the temperature gradients associated with magnetic 

resonance absorption in thin films and layers of paramagnetic and 

ferromagnetic -materials. Photopyroelectric technique to study the magnetic 

phase transitions in ferroe1ectrics and itinerant electron antiferromagnetic 

materials were first done by Dadarlat et al., [108] in 1990. In their paper 

these authors have reported the application of PPE technique for the study of 

magnetic phase transitions in NilOO.xCux alloys with x = 28 to 33%. The 

samples were found to exhibit magnetic phase transitions (ferromagnetic-
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paramagnetic). According to Dadarlat et al., [108J due to the features of the 

PPE method, the high signal to noise ratios that were obtained allowed 

higher sensitivities for monitoring phase transitions in itinerant electron 

antiferromagnets than classical magnetic and electronic measurements. 

In another work, Dadarlat et al., [109] demonstrated the ability of 

the PPE method to detect the phase transitions in solids. He made 

measurements on TGS, which exhibited a ferroelectric-paraelectric phase 

transition at 49°C and NiCu3D had a ferromagnetic-paramagnetic phase 

transition at 50°C. It has shown that the PPE voltage amplitude clearly 

reflects the phase transition. He made the inference that the thermally thin 

and thick conditions largely influence the results. 

1.3.3. PPE Spectroscopy in Liquid Crystals 

Marinelli et. al. [110] used the photothermal front detection configuration 

(Fig. lA) to perform measurements on liquid crystal samples in the range 0.2 

Hz to 200 kHz. The sample was 9CB liquid crystal and the author studied 

the PPE signal as a function of modulation frequency. It has been proved 

that with the PPE technique, it is possible, at a given frequency, to obtain the 

temperature dependence on the thermal parameters of the sample, which is 

particularly interesting in the case of phase transition studies. 

MarinelIi et. al. [Ill) have also performed several experiments 

comparing the photoacoustic and photopyroelectric technique for the 

characterization of liquid crystal second order phase transitions. In their 

measurements they evaluated simultaneously thermal conductivity, specific 

heat and thermal diffusivity of 9CB liquid crystal that undergoes a second 

order phase transition at 47.9 DC from Smectic-A (SA) to Nematic (N) phase 

[112]. The variation of PPE signal amplitude and phase as a function of 

temperature for the liquid crystal sample has been plotted. It is seen that in 

the plot, the obtained dip for the PPE phase at the phase transition 
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temperature, because of the "critical slowing down" of thermal fluctuations 

[Ill, 113) is about 160°, while in PA it was only 4 0. This proves the 

superior sensitivity of the PPE technique over P A. Apart from the sensitivity 

factor, the PPE teclmique presents a better signal-to-noise (SNR) ratio, 

which makes this an ideal one for studies in liquid crystals. 

1.3.4. PPE Spectroscopy to Investigative Ferroelectric Phase 
Transitions 

Phase transitions are always associated with configurational changes 

within the system. Magnetic phase transitions are driven by the alignment of 

unpaired spins in a specified direction and one usually does not observe any 

changes in the atomic configuration. On the other hand, several other types 

of phase transitions like para-ferroelectric transitions are generally associated 

with atomic rearrangement or structural changes. The change of structure at 

a phase transition in a solid can occur in two distinct ways. Firstly, there are 

transitions where the atoms of a solid reconstruct a new lattice as in the case 

of amorphous solid to crystalline state. Secondly, there are transitions where 

a regular lattice is distorted slightly without in any way disrupting the 

linkage of the networks. This can occur as a result of small displacements in 

the lattice position of single atoms or molecular groups or the ordering of 

atoms or molecules among various equivalent positions. Most of the 

ferroelectric phase transitions belong to the second group. The displacive 

type transitions are often driven by the freezing out of a vibrational mode 

called soft mode. In the case oUerroelectric transition, the soft mode is an 

optical phonon belonging to the centre of the Brillouin zone while in the case 

of an antiferroelectric transition, is a zone boundary phonon. Soft acoustic 

phonons are associated with ferroelastic transitions. 

The PPE teclmique has been employed by different authors for the 

study of phase transitions in solids [11, 12, 42, and 103]. The para to -
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ferroelectric face transition 0 triglycine sulfate is studied using PPE 

technique [150]. Incommensurate phase transition which is an interesting 

phenomena is also studied using PPE technique by C. P. Menon et.al. [151J 

1.3.5 PPE Gas Sensors 

Photo thermal and photo acoustic techniques have been used successfully in 

optical and thenno physical characterization of solids [114-118]. Recent 

developments in monitoring and measuring the properties of gases using 

photothermal techniques have attracted much attention for environmental 

quality control and manufacturing safety reasons [119-122]. Christofides and 

Mandelis [123] used the photopyroelectric gas sensor, a new type of solid

state devices for the detection of minute concentrations of hydrogen gas 

under environmental flow-through conditions. The sensor was made with 

PVDF film sputter coated with Pd. An infrared beam from a semiconductor 

laser diode was coupled to an optical fiber and irradiated the PVDF, thus 

generating a carrier wave a.c. photopyroelectric voltage. Sensitivity to 

exposures in a hydrogen partial pressure has been demonstrated down to 

concentrations as small as 40 ppm, in a flowing H2 + N2 mixture. 

A newly developed [122] thermal wave resonant cavity (TWRC) 

sensor using a pyroelectric thin film transducer (pvdf), proved to offer a 

powerful method for measuring thermal diffusivities of gases with very high 

precision and gas species resolution [121, 122, 124J. 

_ This section on photopyroelectric effect would not be complete if we 

did not emphasize the fact that high sensitivity of the PPE detector in 

temperature change is a great challenge for instrumentalists. Juhl and 

Bimberg [125J have recently proved that with calorimetric absorption and 

transmission spectroscopy one can achieve spectroscopic sensitivities of f3I = 

10 8. So we can say that from an experimental and instrumental point of 
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view, the progress of the experimental technique has been consistent and 

encouraging. However, the full potentiality of the PPE technique for optical 

and thermal material characterization remains to be demonstrated by future 

experiments. 

1.4 WORK PRESENTED IN THE THESIS 

In this thesis we present the work done and results obtained on the 

thermal properties a selected variety of solids. Photopyroele1ctric technique 

has been employed to determine thermal transport properties of two crystals, 

Dica1cium Leas Propionate and Potassium selenate, which undergo 

ferroelectric phase tmasions. The thermal properties of an oxide ceramic 

LaMn03 which exhibit giant Magneto resistance have been measured and 

reported. Again the thermal properties of two ceramic composites have been 

measured and reported. Even though the main experimental technique used 

is the PPE technique, other experimental methods such as thermal analysis, 

FTIR, X-ray diffraction etc. have been used wherever necessary. The 

following chapters of the thesis contain the details of the experiment, results 

obtained and discussion of the following results. 
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Chapter 2 

Experimental Methods 

2.1 INTRODUCTION 

When a material goes through a phase transition, its thermal parameters 

often show anomalous temperature dependence over the transition 

temperature. In particular a peak structure is observed in the specific heat 

capacity cp , and sometimes in the thermal conductivity k, while a dip is often 

observed in the case of thermal diffusivity u. The nature of the variation of 

thermal conductivity is dependent on the type of transition that the material 

undergoes. The determination of the critical exponents of the anomalies of 

the thermal parameters is useful for the determination of the universality 

class of the phase transition. Techniques which allow for the simultaneous 

determination of all the thermal parameters of a material in the vicinity of a 

phase transition are therefore very attractive for the characterization of a 

phase transition. One of the major requirements of such a technique is that it 

should introduce only small temperature perturbations inside the sample, in 

view of the fact that strong temperature dependence for the thermal 

parameters can be expected in the vicinity of a phase transition. Different 

techniques such as photothermal deflection technique, photo acoustic (PA) 

technique, photopyroelectric· (PPE) technique etc. are used for the 

measurement of thermal parameters of solid samples [1-9]. In this, the 

photopyroelectric technique is a very useful method for the simultaneous 

measurement of thermal transport properties such as thermal diffusivity (a) 

thermal effusivity (e) specific heat capacity (cp ) and thermal conductivity (k) 

near phase transitions. We have used the PPE technique for our 

measurements through out this work. The advantage of PPE detection over 



gas coupled PAS is that the cell geometry is simpler in design and does not 

have any mechanical resonance effects in the frequency response. 

The PPE technique is the only photothermal technique based on the 

direct detection of photothermal heating or the temperature changes due to 

optical irradiation directly. Therefore, it has a number of advantages over 

other detection schemes involving secondary mechanisms [10-11], since 

each conversion step in the signal detection degrades the overall signal to 

noise ratio, sensitivity and band width performance and complicates the 

theoretical interpretation of results. A PPE experiment is rather simple to 

design and the specimen needs no special preparation. The materials that can 

be investigated range from weakly absorbing solids like thin films [2,12-14] 

or liquids [15], semiconductors [16], surfaces and absorbates [10,13,17-18] 

to strongly absorbing solids [19] and liquids [20-21] or diffusing materials 

[1 ]. 

Mandelis and Zver in 1985 [8] put forward a one-dimensional 

analysis of the photopyroelectric model of a solid sample in intimate contact 

with a pyroelectric thin film, supported on a backing material. They were 

successful in deriving a general expression for the pyroelectric signal voltage 

developed in the detector due to light absorption in the sample. The 

calculations showed that the photopyroelectric voltage is gavemed by the 

interplay between the optical absorption in the sample and in the pyroelectric 

transducer itself. These theoretical calculations helped to establish 

photopyroelectric spectroscopy as a valid spectroscopic technique with high 

promise in the realm of non-destructive probing of samples with minimal 

preparation. These features set this technique ahead of photo acoustic and 

photothermal deflection spectroscopies in many respects. 

In 1989, Chirtoc and Mihailiscu [5], generalized the theory 

developed by Mandelis and Zver to understand the role played by fmite 
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reflectance at the sample- pyroelectric interface and the mechanism 

responsible for the peak inversions observed in the reflection mode PPE 

spectroscopy [20, 22]. These issues have not found satisfactory answers in 

the framework of the fonner theory. It is seen that the assumption of an 

arbitrary value for reflectance completely changes the physical nature of the 

PPE effect, featuring simultaneous optical absorption and transmission 

characteristics. Also, it creates very diverse experimental opportunities for 

optical and thermal investigations of solid, liquid and gaseous substances. 

Complete characterization of a material requires the determination 

of thermal transport properties such as thermal conductivity and specificheat 

capacity. Conventional techniques used to measure thermal conductivity 

include the well known steady state and transient methods. Comparatively 

large size samples, typically of size 5mm3 or higher are needed to avoid 

boundary effects while using these techniques. Moreover, large temperature 

rise often becomes necessary to obtain a reasonably good signal-to-noise 

ratio, leading to considerable temperature gradient being set up in the 

sample. However, techniques for high resolution measurements of specific 

heat capacity are well established [23,24]. 

It has been shown that the photothermal techniques allow the 

simultaneous measurement of s~ific heat capacity Cps and thermal 

conductivity ks [25]. The photo acoustic technique has been used for the 

simultaneous detennination of thennal diffusivity, thennal conductivity and 

heat capacity of liquid crystalline compounds [26], but some restrictions are 

imposed on this technique, because considerable complications arise in the 

design of the cell due to the presence of a coupling fluid. Marinelli et al. [25] 

were quite successful in developing a technique for determining thermal 

diffusivity, thermal conductivity and heat capacity simultaneously at low 

temperatures with the pyroelectric detector kept in vacuum. The boundary 
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conditions involved in the theory of this method are not easy to satisfy at 

temperatures above room temperature. We have used a photopyroelectric 

technique for the simultaneous determination of thermal conductivity and 

heat capacity of samples in which the pyroelectric transducer is in contact 

with a thermally thick backing medium [27]. The advantage of a thermally 

thick backing medium is that there will be sufficient heat exchange between 

the heated pyroelectric detector and the backing so that, signal fluctuations 

are reduced to a minimum. 

2.2 PHOTOTHERMAL METHODS 

In the following sessions a brief review of the different photothermal 

techniques developed to measure thermal properties of solid samples is 

given. In session 2.2.3, the methodology adopted in photopyroelectric 

technique is described. 

2.2.1 Photo Thermal Deflection Effect 

The photothermal deflection (PD) effect, also called photothermal deflection 

spectroscopy (PDS) relies on the creation of a refractive index gradient in a 

medium surrounding the sample due to the absorption of radiation, typically 

from a modulated pump laser beam [28]. The refractive index gradient is 

directly related to the absorption of this radiation and subsequent relaxation 

to thermal energy, fonning a gradient intensity and therefore in index. 

Fig.2.1 gives a diagram ofa typical PDS experiment. 

Here the pump and probe beams cross or nearly cross in the 

medium. The deflection of the probe is monitored with a position sensitive 

detector or a photo diode with a razor blade or an other aperture in front of it. 

Normally the detector is connected to a lock-in amplifier so that the 

deflection is detected synchronously with the modulation of the pump beam. 
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Fig.2.t: Experimental diagram of photothermal deflection 

In this way signal averaging can be accomplished that averages out any other 

beam deflection due to index gradients that may be present but unrelated to 

the pump-beam absorption. From the variation of the PD signal with pump 

beam modulation frequency, the thermal diffusivity of the sample can be 

determined. 

2.2.2 Photoacoustic Spectroscopy 

The photoacoustic (PA) spectroscopy has evolved over the past three 

decades as a powerful method to study those materials that are unsuitable for 

study by conventional spectroscopic techniques [29-32]. This technique is 

based on the photoacoustic effect, originally detected by Alexander Graham 

Bell in 1880 [33, 34]. It possesses some unique features, mainly due to the 

fact that, even though the incident energy is in the form of photons, the 

interaction of these photons with the sample is studied not through the 

subsequent detection and analysis of some of the photons, but through a 

direct measurement of the energy absorbed by the material as a result of its 

interaction with the incident photon beam 
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The photoacoustic (PA) effect is the generation of an acoustic signal 

when the sample under investigation, placed inside an enclosed chamber, is 

irradiated by an intensity modulated beam of light. In case of gaseous or 

liquid samples, the sample fills the entire volume of the cell and acoustic 

signals are detected by a microphone or a piezoelectric transducer. In the 

case of solids, the sample fills only a portion of the cell and the remaining 

volume of the cell is filled with a non-absorbing gas like air. The P A signal 

is detected using a sensitive microphone suitably placed inside the cell. The 

absorption of the incident radiation excites the internal energy levels of the 

sample and upon subsequent deexcitation, all or part of the absorbed photon 

energy is converted into heat through non-radiative deexcitation processes. 

In the case of gas and liquid samples, which fill the entire volume of the 

sample chamber, this internal heating causes pressure fluctuations having the 

same frequency as that of the modulation frequency of the incident radiation 

and can be detected using an acoustic transducer kept in intimate contact 

with the sample. In the case of solid samples, which fill only a portion of the 

sample chamber, the periodic heating of the sample results in a periodic heat 

flow from the interior of the sample to the surrounding non-absorbing gas 

medium, which in turn produces pressure fluctuations in the gas and are 

detected as acoustic signal by a microphone suitably placed inside the 

chamber. 

The Rosencwaig-Gersho (R-G) theory is a one-dimensional analysis of the 

production of photoacoustic signal in a simple cylindrical cell as shown in 

Fig. 2.2. The cell has a diameter D and length L. It is assumed that the length 

L is small compared to the wavelength of the generated acoustic signal B, S, 

Land G represent backing material, sample, boundary layer of gas and gas 

medium respectively 
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Fig. 2.2: Cross-sectional view of a simple cylindrical pbotoacollstic cell 

A microphone (not shown in figure) detects the average pressure 

produced in the cell. The solid sample is considered to be in the fonn of a 

disc of diameter D and length Is< The back surface is against a poor thennal 

conductor of thickness h. The length of the gas column in the cell is Ig• It is 

also assumed that, the gas and the backing material do not absorb light. 

Measurement of P A signal amplitude with wavelength of the incident 

radiation leads to detennination of optical properties of the sample, and 

measurement of the P A signal amplitude/phase with modulation frequency 

enables one to detennine thennal properties of the sample. Details of the 

experiment and results on different samples can be found in literature. Using 

photoacoustic method of investigation lots of studies are done to investigate 
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the thennal properties and optical energy gap in chalcoginide glasses [39-

48]. Superconducting materials have got their own relevance in all time. 

Photoaccoustic spectroscopy is used to study the thennal properties of super 

conducting materials like YBa2Cu30, near transition temperature [49, 50). 

The effect in thennal diffusivity by doping Pb in Bi-Sr-Ca-O superconductor 

is also studied using photoacoustic method [51]. Ferroelectric phase 

transition in crystals as well as ceramic samples can also studied 

photoaccoustic spectroscopy [52, 53]. 

2.2.3 The Photopyroelectric Spectroscopy 

The basic principle of the single beam PPE technique is that, when a 

periodically modulated light beam from a source impinges on the surface of 

a sample, the sample absorbs some of the incident energy. Thus the sample 

gets heated and due to the increased temperature it undergoes a non-radiative 

de-excitation process. This periodic temperature variation in the sample can 

be directly detected with a sensitive pyroelectric transducer, which is kept in 

intimate contact with the sample. The transducer is made of a thin film 

pyroelectric material. The PPE signal from the pyro electric transducer is 

due to a temperature dependent change in the polarization of the pyroelectric 

material. A one-dimensional geometry as shown in Fig. 2.3 is assumed 

where g, s, d and b refer to the gas medium in front of the sample, the 

sample, the pyroelectric detector and the backing medium respectively. 

The photopyroelectric effect is based on the use of a pyroelectric 

transducer to detect the temperature rise due to periodic heating of a sample 

by induced light. The temperature variations in the detector give rise to an 

electrical current, which is proportional to the rate of change of the average 

heat content, given by [3] 
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Fig. 2.3: One-dimensional geometry of the PPE set up 

i = P A(oO(t}) 
d ot (2.1 ) 

where P is the pyroelectric coefficient of the detector, A is the detector area 

and 

( 
1 )Ld 

O(t)= -- IO(x,t}dx 
Ld 0 

(2.2) 

is the spatially averaged temperature variation over the detector thickness, 

Ld• 

Now, bearing in mind the fact that the observed signal output is affected by 

the impedance of the detector and subsequent detection electronics, we 

consider an equivalent circuit shown in Fig. 2.4. Here the pyroelectric 

detector is described as an ideal current source with a parallel leakage 

resistance Rd and a capacitance Cd supported on a backing having an 

equivalent parallel load resistance Rb and capacitance Cb, while the detection 

electronics is represented by an input capacitance Ce and a parallel load 

resistance Re- The resistance and capacitance values of the detection 
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electronics get altered depending on the resistance and capacitance values of 

the backing. 

For an optically opaque sample and pyroelectric detector, the 

complex amplitude of the output signal in frequency domain is given by [8] 

r----------------, ~----------J ------------. 

I I 
I I 
I I 
I I 
t I 

<; ~: R. 
I 
I 
I 

I I 
I I 

I 

I • , 
, , 
I I 

I I 

I • 
I ' 
I I 
I I 

~ I 

I 
I I 

I 
I 
I 

I 
I I 

I I 

Re ~ V(t) I 
I 

, ~) I I (u) I I (ill) 
" __________ • ___ ..1 L _________ . J ~. _____ . ____ .• .: 

Fig. 2.4: Equivalent circuit for the photopyrolectric set up 

andfis the modulation frequency. 

The function e (f) is given by [37] 
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(2.4) 

where 

(2.5) 

The subscripts refer to the respective media indicated in Fig. 2.3. In general, 

we define the various parameters in Eq. (2.4) as 

with 

g=. Jl;= -'- = the thermal diffusion length of the respective media 
7rf 

(i = s, d, b or g); 

r =(fJsLsJ f77 
s (1+j) V If 

a. f ci = -~ = critical frequency at which the respective medium 
7rL; 

goes from a thennally thin to a thermally thick regime, 

L; = thickness of the respective medium 
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e. 
bij= -.!.... = ratio of thermal effusivities of the media j andj 

ej 

1 fJ i ~ -- = optical absorption coefficient, JI./Ji being the optical 
JL Pi 

absorption length of the respective medium. 

1]s = fraction of absorbed radiation converted to heat (nonradiative 

quantum efficiency of the sample) and is assumed to be 1. 

For a thermally thick sample, with Jl:, < Ls, and thermally thick pyroelectric, 

with J.ld < Ld , the expressions for the PPE amplitude and phase give 

expressions for the values of the thermal diffusivity and effusivity, which 

allow a simultaneous determination of thermal conductivity and heat 

capacity, if the sample density Ps is known. 

The expressions for the temperature dependent PPE amplitude and 

phase under the above conditions are obtained, after algebraic simplification, 

as 

(2.6a) 

rP ( f . T ) = - tan - I ( : ) - ( ~Jr /a.. (T )) L, 

(2.6b) 

where T is the temperature and cpd and Po are the heat capacity (at constant 

pressure) and density of the PPE detector respectively. 

From these two expressions, it is clear that the sample thermal 

diffusivity as can be calculated from the phase of the PPE signal, which 
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when substituted in the expression for PPE amplitude gives the thermal 

effusivity of the sample. From these the thermal conductivity and heat 

capacity of the sample can be calculated from the following relations 

KJT) = es(T ).JaJT ) (2.7a) 

c (T)- eJT) 
ps - pJT ).JaJT ) 

(2.7b) 

Since all the parameters in equations (2.6a) and (2.6b) are temperature 

dependent, a temperature calibration of the PPE detector is necessary here 

All the thermal parameters can be calculated as a function of the sample 

temperature, provided the temperature dependence of the pyroelectric 

detector parameters are known. 

2.3 EXPERIMENTAL TECHNIQUES ADOPTED IN THE 

WORK 

We have used a variety of experimental techniques to study thermal and 

related properties of different samples. The experimental methods that we 

used are discussed in the following paragraphs. 

2.3.1 Photopyroelectric method 

This technique is used to study the thennal transport properties of 

different materials. We have measured the thermal properties of a few 

ceramic samples using the PPE technique. The variation of the 

thermal properties of a few crystalline samples that undergo different 

types of phase transitions with temperature have been studied and 

reported. The variation of the thermal properties with temperature and 

magnetic field for a sample that exhibits giant magneto-resistance has 

also been studied and reported. Details of these experimental methods 
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are described in the respective chapters. General technical details of 

the PPE experimental technique are given in section 2.4 of this 

chapter. The low temperature PPE setup and the magnetic field PPE 

measurement setup are described in sections 2.5 and 2.6 respectively. 

2.3.2 Thermal Analysis- TG/DT A and DSC 

Thermal analysis (TA) refers to a group of techniques m which some 

physical property of the sample is continuously measured as a function of 

temperature, while the sample is subjected to a controlled I programmed 

heating I cooling rate. TA is extensively used for fundamental studies as well 

as for quality controL Thermogravimetry (TG) is a technique in which the 

mass I weight of a sample is measured as a function of temperature, while 

the sample is subjected to a controlled heating programme. There may be a 

weight loss (e.g. decomposition) or a weight gain (e.g. oxidation). DTG is a 

technique in which the rate of weight change is measured as a function of 

temperature or time. Some thermal decomposition is complicated; more than 

one reaction may be occurring over a given temperature range. These 

overlapping reactions can be more clearly discernible from DTG than from 

TG curves. We have used a Perkin - Elmer Model Diamond TGIDTA 

instrument for all measurements reported in this thesis. 

Differential Scanning Calorimetry (DSC) is a dynamic thermal 

analysis technique, with which the thermal response of any sample can be 

studied over II wide temperature range, under non-isothermal conditions. 

Whenever a material undergoes a change in its physical state such as melting 

or transition from one crystalline form to another or whenever it reacts 

chemically, heat is either absorbed or liberated. Many such processes can be 

initiated simply by raising the temperature of the materiaL In DSC, the 

enthalpies of these processes are determined by measuring the differential 
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heat flow required to maintain a sample material and an inert reference 

sample at the same temperature. This temperature is usually programmed to 

scan over a temperature range by increasing linearly at a predetermined rate. 

Thermal changes in a sample are due to exothermic or endothermic enthalpic 

transitions or reactions. Phase changes, fusion, crystalline inversions, 

boiling, sublimation, vapourisation, oxidation, reduction or other chemical 

reactions can cause such enthalpic changes. Generally, phase transitions, 

dehydration, reduction, and some decomposition reactions are exothermic. 

The relative advantages of the DSC over conventional calorimetric technique 

are 

(i) rapidity in the determination of thermal properties over a wide 

temperature range 

(ii) small amounts of sample required for measurements 

(Hi) easy data analysis procedure and 

(iv) ability to study many different types of reactions. 

The main disadvantages of this technique are relatively low accuracy 

and precision (5-10% accuracy), inability to conveniently determine the ~H 

of overlapping reactions and inaccuracy in the determination of peak areas 

due to baseline changes during the transition or reaction. 

We have used a Mettler Toledo model DSC-822 Differential 

Scanning Calorimeter to study the heats of transition and specific heat of 

different samples investigated in this work. The temperature range of this 

instrument is - 150 ' C to maximum 700' C and the temperature accuracy is ± 

o.fc. This instrument permits direct calorimetric measurement, 

characterization, and analysis of thermal properties of materials. Under the 

control of the computer, this is programmed from an initial to a final 

temperature through transitions in the sample material (such as glass 

transition, melting, crystallization etc.). 
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2.3.3 Fourier Transform Infrared Spectroscopy 

Fourier transform Infrared (FTIR) spectroscopy is a measurement technique 

for collecting infrared spectra. Instead of recording the amount of energy 

absorbed when the frequency of the infra-red light is varied 

(monochromator), the IR radiaiton is guided through an interferometer. After 

passing through the sample the detected signal is the interferogram signal. 

Performing mathematical Fourier Transform on this signal results in a 

spectrum identical to that from conventional (dispersive) infrared 

spectroscopy. 

FTIR spectrometers are cheaper than conventional IR spectrometers 

because building interferometers is easier than the fabrication of a 

monochromat or. In addition, measurement with a single spectrum is faster 

for the FTIR technique because the information of all frequencies is 

collected simultaneously. This aJlows multiple samples to be collected and 

averaged together resulting in an improvement in sensitivity. Because of its 

various advantages, virtually all modern infrared spectrometers are FTIR 

variety instruments. 

We have used a Thermo Nicolet Avatar 370 FTIR. instrument for part 

of the work presented in this thesis. The spectral range of this instrument is 

7000 to 400 cm -I. Its resolution is 0 .9 cm -I in the mid-IR range 

2.3.4 X-Ray Powder Diffraction 

Powder XRD (X-ray Diffraction) is perhaps the most widely used X-ray 

diffraction technique for structural characterization of materials. As the 

name suggests, the sample is usuaJly in a powder form, consisting of fine 

grains of single crystalline material to be studied. The technique is also used 

widely for studying particles in liquid suspensions or polycrystalIine solids 

(bulk or thin film materials). 
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The term 'powder' really means that the crystalline domains are 

randomly oriented in the sample. Therefore when the 2-D diffraction pattern 

is recorded, it shows concentric rings of scattering peaks corresponding to 

the various d spacing in the crystal lattice. The positions and the intensities 

of the peaks are used for identifying the underlying structure (or phase) of 

the material. For example, the diffraction lines of graphite would be different 

from diamond even though they both are made of carbon atoms. This phase 

identification is important because the material properties are highly 

dependent on structure. Powder diffraction data can be collected using either 

transmission or reflection geometry. Because the particles in the powder 

sample are randomly oriented, these two methods will yield the same data. 

We have used a Bruker Model AXS D8 Advance Powder X- Ray 

Diffractometer with angle range 5_360° .The X -ray source used is Copper 

with wavelength 1.5406 A. The detector used in this instrument is Si (Li) 

PSD. 

2.4 THE PHOTOPYROELECTRIC SPECTROMETER 

In this section, the experimental set up for the photopyroelectric technique is 

described. The application of this technique for the determination of thermal 

diffusivity (a), thermal effusivity (e), thermal conductivity (k) and heat 

capacity (cp) are outlined in detaiL 

J\ basic PPE spectrometer consists of a radiation source of sufficient 

intensity, a light intensity modulator, PPE cell in which the sample is placed 

with the PPE detector and a signal-processing unit. The basic 

instrumentation has been modified by different workers depending on their 

application areas. Details of various modulus in a PPE spectrometer, 

including those of our set up are outlined below. 
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2.4.1 Radiation Source 

The important parameters for the selection of the light source are the 

available power per usable bandwidth, the wavelength range, tunability and 

the ease of intensity modulation. Both coherent and incoherent sources are 

widely used. Arc lamps and lasers are the popular types of light sources 

currently used in PPE experiments. Continuous tunability from infrared to 

ultraviolet can be provided by suitable lamp-monochromator combination. 

High-pressure Xe arc lamps, high-pressure Hg lamps, tungsten lamps etc. are 

the commonly used incandescent sources. The relatively low bandwidth

throughput product is the major drawback of these sources. Since the 

strength of the PPE signal is found to be proportional to the intensity of 

radiation, optical sources should have high spectral radiance. The high peak 

power available from pulsed lasers is especially attractive for measuring 

very weak absorption, but the limited tenability is the main drawback of 

laser sources in PPE experiments. 

In most of our experiments we have used a 120 m W He-Cd laser of 

wavelength A. = 442 run, as the optical heating source. 

2.4.2 Modulation 

For the generation of PPE signal, modulation of the incident light beam is 

essential. Either amplitude or frequency of the incident beam can be 

modulated. Amplitude modulation is the most commonly used one because it 

can be accomplished by relatively inexpensive mechanical chopping 

methods. The depth of modulation using a mechanical chopper is nearly 100 

%. As we know, the major disadvantage of PPE spectroscopy is its 

susceptibility to synchronous acoustic noise [38). So care should be 

taken to minimize the vibration noise, which may interfere with the 

PPE signal and can't be filtered away even by lock-in detection. So 
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isolation of the mechanical chopping system form the optical table that 

supports the rest of the instrumentation needs to be done. 

We have used a mechanical chopper (Standford Research Systems 

Model No. SR 540) for the intensity modulation of the laser beam, in our 

experiments. The experiments have been set up on a vibration free table to 

reduce noise pick up. 

2.4.3 PPE Detector 

The heart of the PPE spectrometer is the PPE detector with which the 

temperature variations arising in the sample due to optical irradiation (and 

absorption) can be detected with high accuracy. The necessary condition for 

the choice of transducers to detect the thennal waves generated in the sample 

is that it should be a pyroelectric material. Pyroelectricity is essentially the 

manifestation of spontaneous polarization dependence on temperature in 

certain non-centrosymmetric anisotropic solids. If there is a small change of 

temperature, the pyroelectric material becomes electrically polarized and a 

voltage arises between specified directions in the material (detector). On 

placing a sample on the top of the pyroelectric (PE) detector, the average 

temperature change in the detector is approximately equal to the temperature 

changes at the interface between the sample and the detector. It is then 

evident that the time response of the detector is related to the time of the heat 

diffusion across the sample and in addition, the time required for reaching 

thermal equilibrium within the detector after thermal deexcitation. So one 

can obtain short time resolution by decreasing the thicknesses of the sample 

and the detector [3]; so the type of PE measurements that one wants to 

perform detennine the thickness of the pyroelectric detector. Polyvinylidene 

difluoride (PVDF) and Lithium tantalate (LiTa03) are the most commonly 

used detectors. If short time responses are not needed, a thicker PE sensor 
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can be used 'in order to have stronger signals as well as better signal·noise 

ratio. 

A 28 Jlm thick PVDF film with pyroelectric coefficient P = 0.25 X 

10-8 V/cm-K at room temperature has been used as the pyroelectric detector 

in our measurements. The room temperature values of pyroelectric detector 

resistance and capacitance are 50 Gn and 750 pF respectively [35J. 

2.4.4 Signal Processing 

The generated PE signal can be monitored directly with the appropriate 

electronic circuitry. In practical detection electronics the observed signal is, 

however, affected by the impedance of the sensor and electronics. In order to 

maximize the signal to noise ratio, the signal from the detector should be 

processed by an amplifier tuned to the chopping frequency. Generally, a 

phase sensitive lock-in detection is used for this purpose. Also by lock-in 

detection, the amplitude and phase of the PE signal can be measured and by 

using a dual phase lock-in amplifier, the measurements can be more easily 

when both amplitude and phase vary simultaneously. 

We have used a dual phase lock-in amplifier (Stanford Research 

Systems, Model SR 830) in all our measurements. 

2.4.5 The Complete PPE Spectrometer 

A photopyroelectric cell which can be used over a wide range of 

temperatures has been designed and fabricated with which measu~ements 

can be made from 80 K to 350 K. A schematic diagram of the sample 

geometry is shown in Fig. 2.5. The sample cell is having a copper base, 

which forms the backing for the PPE detector. The sample to be measured is 

kept on the detector over which a very thin layer of carbon black is coated to 

improve the absorption. 
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A photopyroelectric set up of the type shown in Fig.2 6 has been 

used in the present work. The sample is attached to the pyroelectric detector 

by means of a thermally thin layer of a heat sink compound whose 

contribution to the signal is negligible. The pyroelectric detector attached to 

the sample is placed on a thermally thick backing medium (copper) which 

satisfies the boundary condition bbd> 1. The frequency of modulation of the 

light beam is kept above 30 Hz to ensure that the PVDF film, the sample and 

the backing medium are all thermally thick during measurements. The signal 

output is measured with a lock-in amplifier having lOMO input resistance 

and 50pF input capacitance. Since the backing material is copper instead of 

air or vacuum, the equivalent resistance and capacitance may be as high as 

lOOMO and 800pF respectively. So the equivalent resistance is reduced to 

10 MO by using an additional parallel resistance to shift the value ofJc to the 

required range as per the assumptions made in the theory. 
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Fig. 2.5: The sample configuration for the PPE setup 
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Fig 2.6: Experimental set up for photopyroelectric measurements 

2.5 LOW TEMPERATURE PPE MEASUREMENT SETUP 

A schematic diagram of the PPE sample cell used for low temperature PPE 

measurements is shown in Fig. 2.7. The cell consists of a cavity of length 

about 43cm and diameter about 33cm in which a sample holder is kept. The 

cavity has got a glass window to pass the laser beam. The sample holder 

which is made up of a copper block is of about diameter 4cm. The PVDF 

film which is the sensor is fixed on the sample holder using silver paste. The 

diameter of the film which is used in the measurement is about 9mm which 

is important in the calculation. From the back side of the copper block a wire 

is taken which will serve as the connection from the back side of the film. 

Then a copper ring kept inside a Teflon ring is kept on the top of the film 

and tightened it using four screws. From the copper ring a connection is 

taken which serves as the front connection of the film. Both these wires are 

given to a BNC connector which is connected to the lock-in amplifier using 

a coaxial cable. The sample holder is connected to a cold finger which is 
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connected to the liquid nitrogen chamber. By passing liquid nitrogen into the 

chamber we can lower the temperature to about 80K. A heater which is 

attached to the sample holder can be used to increase the temperature. The 

temperature can be controller by using a PID temperature controller. All the 

measurements are done only after evacuating the outer chamber. 

The photopyroelectric setup used for measurements with this low 

temperature cell is the same as the shown in Fig.2.6 with the room 

temperature sample cell replaced by the low temperature cell. 

2.6 PPE MEASUREMENTS WITH MAGNETIC FIELD 

We have carried out measurements of the variations of thennal properties of 

some samples showing GMR properties with applied external magnetic field 

as well as temperature using the PPE technique. An experimental setup has 

been designed and fabricated for these measurements. The details of this 

setup and measurement technique are described below. 

2.6.1 Magnetic fIled Measurement Setup 

A PPE setup to the measure variations in thennal properties of a sample with 

applied external magnetic field has been designed and fabricated. This has 

been configured by modifying the room temperature sample holder. A 

schematic diagram of this setup is shown in Fig.2.8. The sample cell is kept 

between the pole pieces of an electromagnet. The distance between the pole 

pieces is adjusted in such a way that one should get maximum filed at the 

place where the sample is kept. The field can be varied by varying the 

current through the field coil. With a magnet used in the present setup the 

field could be varied from 0 to 2T. Using the digital Gauss meter (NISCO 

model DGM-20) we can measure the field strength for any current and 

distances between pole pieces. The sample configuration in the new setup is 

shown in Fig 2.9 
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1. PVDF detector 2. Sample 3. Glass window 4. Copper ring 5. Teflon 

outer cover 6. Liquid nitrogen chamber 
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2.7 MEASUREMENT METHODOLOGY: 

The samples are generally cut into size of about 5mm diameter and 

approximately O.5mm thickness and optically polished. A very thin layer of 

carbon black is coated on the sample surface that faces the modulated beam 

of light to enhance the optical absorption. The sample is kept on the PVDF 

sensor using heat sink compound which is thennally conducting and 

electrically insulating. The modulated light beam from the laser source is 

allowed to fall on the sample. The thermal waves produced in the sample are 

transmitted to the pyroelectric sensor. Due to the temperature variations an 

ac voltage is induced into the film and this is measured using the lock-in 

amplifier. For low temperature measurements liquid nitrogen is poured into 

the cavity at correct intervals. The temperature is monitored and controlled 

using a PID temperature controller (Lakeshore cryotronics Model ORe 

82C). The temperature can be kept constant using this temperature controller 

and we can measure the amplitude and phase from the lock in amplifier at 

any particular temperature. This measurement setup enables one to make 

PPE measurements by varying temperature and/or magnetic field strength. 

Measurements done on specific samples are described in the respective 

chapters of the thesis. 
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Chapter 3 

Thermal transport properties of Di 

Calcium Lead Propionate 

1. 1 INTRODUCTION 

Dicalcium Lead Propionate (DLP, Chemical formula Ca2Pb(C2H5COO)6), 

which belongs to the family of double propionates, is ferroelectric below 

333K along the c axis [1]. It undergoes a para to ferro electric phase 

transition at 333K (TC1)' which is a second order phase transition. Upon 

decreasing the temperature further, it undergoes another phase transition at 

191K (TC2), which is first order. The transition at TC1 is associated with the 

movement of the ethyl group (C2Hs) [2], but the one at TC2 is still not 

understood well. Even below this transition temperature the material 

continues to remain ferroelectric. Based on the measurement of the 

hydrostatic pressure dependence of the crystal structure of DLP above and 

below the respective phase transitions, Gesi and Ozawa [3] have proposed 

that the phases above and below TC2 are isomorphous to each other. 

However, on the basis of polarizing microscopic observations and dielectric 

constant measurements, Gesi has concluded that the two phases above and 

below TC2 are not isostructural [4]. The crystal structure of DLP is tetragonal 

at room temperature [5]. The space group associated with this is D44 

(P4 j 2,2). The lead atoms are located at 4a positions and calcium atoms at 8b 

positions. It is also interesting to note that the position of organic group has 

not yet been identified. Studies on the pyroelectric properties of DLP 

associated with its phase transitions by Osaka, Makita and Gesi have led to 



the conclusion that DLP crystal between TCI=333K and TC2=191K is 

tetragonal and polar, the point group in phase being C4 or C4v [6]. 

The Raman scattering, Infrared absorption and Dielectric properties 

of this crystal have been studied by earlier workers [7, 8]. Earlier, EPR 

studies on DLP, doped with Mn2+, by Bhat el.al suggest that Mn2+ enters the 

plane of Ca2+ substitutionally, and are loosely held in the lattice sites of Ca2+, 

as the ionic radius ofMn2+ (0.08mm) is small compared to Ca2+ (0.09nm) [9]. 

From the results on the temperature dependence of electrical conductivity 

and dielectric constant, Badarinath et al have concluded that the para to 

ferroelectric transition in Mn2+ doped DLP is a defect controlled property, 

and is dependent on the concentration of the dopant [10]. The phase diagram 

of the mixed crystal system DSP-DLP, where DSP stands for Dicalcium 

Strontium propionate, was determined by Nagae et. al from dielectric and 

dilatometric measurements [7]. They confmned that the space groups of 

DLP are D44 (D4~ above TCI and Cl (C,J below this temperature. Work 

done by Standnicka et.al. showed how much more accurately the transition 

temperature could be established for DSP-DLP mixed crystal through high 

precision measurements of optical retardation [11]. Nage et.a!. have reported 

Raman scattering spectra of DSP and DLP between 73 and 423K [7]. Since 

no soft modes were observed, they concluded that both the phase transitions 

of the two materials are of the order ~ disorder type implying that these 

transitions are most probably isomorphous [7]. Takashige et al. have 

reported the piezoelectric and elastic properties of ferroelectric DLP over a 

wide temperature region, including the ferroe1ectric-paraelectric phase 

transition point (Tcl) [8]. 

Even though the specific heat of DLP was reported way back in 

1965 [1], other thermal properties such as thermal conductivity have not 

been reported so far. Moreover, systematic thermal analysis following 
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thennogravimetry or scanning calorimetry through TC1 and TC2 have not yet 

been reported. In this work we report thermo gravimetric and scanning 

calorimetric analysis of DLP through these transition temperatures. The 

FTIR spectrum at room temperature is also reported. The thennal transport 

properties of the sample, thennal diffusivity (a), effusivity (e), thermal 

conductivity (k) and specific heat capacity (cp) of the sample have been 

measured as a function of temperature following an improved 

photopyroe1ectric (PPE) technique described in Chapter 2. The anisotropy in 

thennal diffusivity/conductivity along the principal axes as well as their 

variation through these transition temperatures have also been measured 

following the PPE technique. The experimental methods followed, results 

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

3.2 SAMPLE PREPARATION 

DLP crystals were grown by slow evaporation method [12, 13]. The solution 

is prepared by gradually dissolving lead monoxide in an aqueous solution of 

propionic acid to which the calcium salt of propionic acid was added in the 

stoichiometric proportion. The chemical equation for this reaction is 

The solution is filtered and recrystalised two to three times for 

clarity of the crystals. Then the solution is kept in a bath keeping the 

temperature about 35°Cand good quality colorless transparent crystals of size 

about lcm3 is obtained in three to four weeks time. Morphology of the 

crystals is shown in Fig.3.l.Using the X-ray diffraction spectrometer the x

ray diffraction pattern has been recorded and is shown in Fig.3.2. So 

obtained crystals were cut with a slow speed diamond wheel saw such that 

they have faces perpendicular to the [100], [010], [010] planes. The samples 

are carefully polished and made into a thickness of about 0.5mm for 
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Fig.3.t: Morphology of the DLP crystals 
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Fig.3.2: X-ray diffraction pattern of the crystal 
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photopyroelectric measurements. The density of the sample was measured to 

be 1.747 ± 0.001 g/cm3 

3.3 EXPERIMENTAL METHOD 

3.3.1 Photopyroelectric thermal wave measurements 

The photopyroelectric method as has been described in chapter 2 has been 

used to determine the thermal properties of single crystals of DLP [14, 15]. 

For this measurement the sample dimensions should be such that the sample, 

the pyroelectric detector and the backing material should be thermally thick 

during the whole measurement. The sample is illuminated with an intensity

modulated beam of light, which gives rise to periodic temperature variation 

in the sample by optical absorption. The thennal waves so generated 

propagate through the sample and are detected with a pyroelectric detector. 

Modulation frequency is kept above 30Hz in all our experiments to ensure 

that the detector, the sample and the backing medium are all thermally thick 

during measurements. The thermal thickness of DLP sample has been 

verified by plotting the PPE amplitude and phase with frequency at room 

temperature. Since the optical absorption in DLP is low, a light coating of 

carbon black is provided on the face of the sample to enhance optical 

absorption and thermal wave generation. Block diagram of the experimental 

setup and other details are already given in chapter 2 of the thesis. 

Measurement of the PPE signal phase and amplitUde enables one to 

determine thermal diffusiyjty (a) and thermal effusivity (e) respectively. 

Principles of this method and experimental procedures are described in detail 

elsewhere [14]. From the measured values of a and e, the thermal 

conductivity k and specific heat capacity cp of the samples are determined, 

knowing densityp, using the following relations [14]. 
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k = e [a/I] 

cp = el[p[ a/Il] 

(1) 

(2) 

The calibration of the experimental set up has been done with known 

samples prior to carrying out the measurements. 

The variations of the detected signal amplitude and phase using 

the lock in amplifier as a function of frequency for DLP sample at room 

temperature are shown in Fig.3.3 and Fig.3.4 for the three symmetry 

directions. In these measurements the sample has been cut and polished 

to such a thickness that the sample and the PVDF film detector are 

thermally thick at all the modulation frequencies used. 

These measurements have been done at temperatures between 

170 K and 360 K at temperature intervals of 2 K normally and at 

intervals of 1 K at temperatures in the vicinity of the two transition 

points. At each measurement temperature, the sample has been kept at 

constant temperature during measurements. The temperature variations 

of the PPE amplitude and phase along the a-, b-, c- axis of DLP are 

shown in Fig.3.5, Fig.3.6 and Fig.3.7 respectively. From the frequency 

dependence of the pyroelectric amplitudes and phases, the thermal 

diffusivity and effusivity of the sample along the above axes have been 

determined at each temperature. The temperature variations of these 

parameters along the a-, b- and c-axis of DLP are shown in Fig.3.8, 

Fig.3.9 and Fi.3.l0 respectively. From the diffusivity and effusivity 

values, the corresponding values of thermal conductivity and specific 

heat capacity have been computed and plotted in Figures 3.11, 3.12 and 

3.13 for all three axes. 
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3.3.2 Thermal analysis of DLP Crystals 

The TGIDT A and DSC curves ofDLP crystals have been recorded following 

the standard procedures. TGIDTA analysis has been carried out in nitrogen 

atmosphere. TGtpT A curves have been plotted in the temperature range 30° 

C to 1000 0 C at a heating rate of 10 0 C per minute. The TGIDT A curves for 

DLP crystals are shown in Fig. 3.14. 

The DSC ~rve pr DLP during heating cycle is shown in Fig.3.15. 

The transitions at 191K (-82 °C) and 333K (60 DC) can be clearly seen in the 

DSC plot. Fig. 3.16 shows the DSC plots recorded during heating and 

cooling cycles. The thennal bysterisis of the sample during the heating and 

cooling cycles around the transition at 191 K (-82 0 C) is evident from this 

figure. 
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3.3.3 FT -IR Spectrum 

The infrared absorption spectrum in the mid-It range have been recorded. 

The FTIR spectrum ofDLP in the wavenumber range 4OOO400cm-1is given 

in Fig.3.l7. The wave numbers corrosponding to the absorption peaks are 

indicated in the figure. 

3.4 RESULTS AND DISCUSSION 

3.4.1 Thermal conductivity During Phase Transitions 

We have presented a comprehensive set of results on the thennal transport 

and other relevant properties of DLP crystal. The variation of thermal 

diffusivity (a), effusivity (e), thermal conductivity (k) and specific beat 

capacity (cp) of DLP, shown in figures 3.8, 3.9, 3.10, 3.11, 3.12 and 3.13 

clearly indicate that the above thermal properties undergo anomalous 
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variations during the phase transitions at 191 K conductivity show anomalous 

decreases during transitions, whereas the heat capacity shows a 

corresponding anomalous increase. Being an electrical insulator crystal, the 

major contribution to the heat capacity of DLP is expected from the lattice 

phonons and the electronic contribution to heat capacity is very small . As the 

phonoD modes undergo variations due to mode instability at the transition 

points, they absorb excess energy giving rise to enhancement in heat 

capacity. This is getting reflected in the DSC curve as well. ~gain, during 

the transitions, the phonoD mean-free path increases, resulting in a decrease 

in thennal resistance or a corresponding increase in thermal diffusivity and 

thennal conductivity. The thennal properties of DLP crystal along the three 

symmetry axes are tabulated in Table 3.1 . As is evident from this table, the 

anisotropy in thermal conductivity is not very high for this crystal. The 
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maximum thennal conduction occurs along the c-axis· which is the direction 

of spontaneous polarization for this crystal. 

Table 3.1 Thermal conductivity of DLP along the three principal axes, 
in units ofxl0-1Wcm-1K 1 

Temperature c-axis a-axis b-axis 
K 

Room 0.65 ± 0.01 0.59 ±0.01 0.55 ± 0.01 
Temperature 

(302) 

191 
0.70 ± 0.01 0.62 ±0.01 0.56 ± 0.01 

333 
0.61 ± 0.01 0.57 ± 0.01 0.54 ±O.OI 

3.4.2 Thermal conductivity Ellipsoids 

When a temperature gradient is present in a material heat will always flow 

from the hotter to colder region to achieve thermal equilibrium. As we know 

thermal conductivity is the property that relates heat flow to the temperature 

gradient. In an isotropic material 

J= k(dT/dr) 

Where J = heat flow, k= thermal conductivity, dT / dr = temperature gradient 

For an anisotropic material heat flow J is given by 

J= k(grad T) 

i.e. The variation of anisotropic properties such as conductivity can 

conveniently be by a representation surface. In many case this is an ellipsoid. 

Consider kj, k2' k3 as the directional cosines and x y, z as the principal 

values. Then 

k= ki+ k2m2+k3n2 

where 1 = xlr, m=y/r, and n=zlr, here r is an arbitrary vector 

On further simplification we can reach into a form as 
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This represents an ellipsoid. 

The thennal conductivity ellipsoids normal to the three symmetry 

axes have been plotted. These ellipsoids are plotted using the values of 

thermal conductivity about the three principal axes. 

As can be seen from the thermal conductivity ellipsoids drawn at 

different temperatures the general nature of the ellipsoids does not change 

with temperature. This means that the nature of anisotropy in thennal 

conductivity do not change with temperature or during phase transition. 

3.4.3 Other Results 

From the TGAi DTA curves it is evident that the decomposition of 

the sample is maximum at 387°C, and the rate of decomposition is also 

maximum at this temperature. From the FTIR spectrum of the DLP crystal 

we can get infonnation about the chemical bonds and their motions in the 

crystal. The peaks from 2280-2971 cm-I correspond to the C-H stretch mode. 

Peak at 1581 cm-1 represent the asymmetric stretching mode of c-o bond 

and the one at 1484 cm-I represents symmetric stretching of the c-o bond. 

Scissoring mode of CH2 is reflected by the peak: at 1465 cm-1 and the peak at 

1077 cm-1 corresponds twisting and wagging modes. The C-O stretching 

coupled with C-C stretching is manifested by the peak at 1299 cml.Peaks 

from 590 -890 cm-1 correspond to rocking mode and the peak at 498 cm-I is 

possibly due to metal oxygen bond. Thus all the chemical bonds and their 

motions are revealed by the FTIR spectrum. 

The heat capacity of DLP reported earlier [10] at 191 K compares 

well with the value obtained from our thermal wave measurements. Our 

results indicate that photopyroelectric thermal wave measurements can bring 

out the variation of thermal transport properties such as thermal diffusivity, 

thermal conductivity and heat capacity of crystailine samples during their 
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phase transitions. These measurements help to understand the lattice 

properties of such crystals and their variations with temperature. 
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Chapter 4 

Thermal transport properties across 
the Incommensurate phase in 
Potassium Selenate 

4.1 INTRODUCTION 

The appearance of incommensurate phases exhibited by several ferroelectric 

crystals is an interesting phenomenon associated with structural phase 

transitions. Incommensurate phases were first observed in transition-metal 

dichalcogenides (Wilson et. al. 1974), where the phase transitions are driven 

by charge-density wave instabilities. Since then the list has been augmented 

by many dielectric materials, in which the driving mechanisms are not so 

obvious. 

Most of the structural phase transitions are defined by crystal 

instability against distortion, characterized by a wave vector lying at a 

special point in Brilliouin zone of the high temperature phase. Many 

interesting physical systems undergo transfonnations to periodic ordered 

phases which are incommensurate with the underlying lattices, i.e. the wave 

vector describing the modulation cannot be fonned by simple ratio fractions 

of reciprocal lattice vectors, and the resulting phase is thus not crystalline. 

The incommensurate structure may be a condensed charge-density wave 

(CDW), a static spin-density wave (SPW) or a helical structure, a structural 

distortion or even a separate atomic lattice [1-3]. 

The existence of incommensurate phase in a system is represented in 

Figure 4.1. 



r 
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\ 

'- Disordered , , , , 

Incommensurate - - ;;-..... -------

, , 
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• 
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Fig.4.1: Schematic phase diagram for a system undergoing a transition 
to an incommensurate phase 

In the figure the field C may be thought of as controlling the location 

of the minimum in location curve of the soft mode [4). For positive values of 

C, the minimum in the dispersion occurs at a special point of the Brilliouin 

zone and on cooling the crystal enters a conventional ('commensurate') 

ordered phase. For negative values of the minimum in the dispersion are 

shifted form the special point and cooling induces a transition into an 

incommensurate phase. The point dividing these two portions of the phase 

boundary has been termed a Lifschitz point (5]. As shown in FigA.l, further 

reduction in temperature can then promote a second transition into a 

commensurate phase. 

A material which has been intensively studied with respect to its 

incommensurate ordering is Potassium Selenate (K2Se04). Since the 

discovery of ferroelectricity and successive phase transitions in Potassium 

Selenate single crystals, many experimental and theoretical studies have 
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been carried out by different workers to understand the mechanisms of these 

transitions [6]. With the occurrence of the ferroelectric phase, this material 

also undergoes an Incommensurate phase (IC-phase) transition, which is of 

great interest to condensed matter physicists. Ferroe1ectric crystals, which 

are known to exhibit IC phase transition includes Ammonium fluro-berrylate 

[7], Potassium selenate [8], Sodium nitrite [4], Thiourea [9] etc. Potassium 

selenate, with the chemical formula K2Se04, undergoes three successive 

phase transitions at temperatures T) = 745 K, T2 = 129.5 K and T3 = 93 K. 

The different phases and the corresponding structures exhibited by K2Se04 

are depicted in Fig. 4.2. 

oelectric 

:Phase III : 
: Incommensurat~ 
I I 
I 

• 

93K 129.5K 

hi~ 

745K 

Phase I 
Hexagona 

Fig.4.2: Diagram to demonstrate various phases of K2SeO" 
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The crystal exhibits hexagonal structure in Phase I, with space group 

D\h (P6/mmc) [10], which changes to an orthorhombic structure (Phase ll) 

with space group Dl
2h

6 (Pnam) at Tl [11]. Then, Phase 11 changes into an 

incommensurate one (Phase III) at T2, which is a second order phase 

transition. It undergoes an IC- phase transition at T3, below which the crystal 

is commensurate and ferroelectric with a small spontaneous polarization 

along the c-direction. 

The existence of an IC-phase and transition to the commensurate 

phase has attracted the attention of many researchers to this crystal as a 

typical example exhibiting successive phase transitions with a clear IC

phase. Many experimental studies such as dielectric measurements [6, 12], 

X-ray and neutron diffraction [8, 13-14], ESR [15], Raman and Brillouin 

scattering [16-l8}, Ultrasound velocity, attenuation and dispersion [19,20] 

etc. have been reported near T 2 and T 3. The variations of specific heat 

capacity and thermal expansion of K2Se04 in the low temperature phase 

have been reported by earlier workers [12, 24]. Thermal expansion along the 

c-axis exhibits a discontinuity at the incommensurate tocommensurate 

transition. Specific heat measurements show anomalies at T 2 and T 3, 

indicating that the transition at T2 is second order and that at T3 is ftrst order 

[12]. In spite of all these measurements reported at temperatures T3 and T2, 

only very few experimental results have been reported near T 1 [21-25] 

because of the inherent difficulties involved in carrying out precision 

experiments at high temperatures. The variation of the specific heat capacity_ 

across the structural transition at T 1 has not been reported so far for this 

material. More experimental data are in fact still required for a better 

understanding of the high temperature phase of this material. 

From neutron scattering measurements it is known that the soft 

phonon mode occurs at the IC wave vector qo = (l-a) x a*/3 = 0.31a*. In the 

incommensurate phase this modulating wave vector increases slightly with 
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decreasing temperature and changes at discontinuously T3= 93K to the 

commensurate value qo = s*/3. Quartic anharmonic interaction between the 

polar optic mode and the order parameter results in ferroelectricity in the 

commensurate phase IV (space group C9
2v = Pna 21), observable by a 

spontaneous polarization P3 and a strong maximum in the dielectric function 

£33. By undertaking Raman scattering in phase Ill, dispersion of the 

amplitude mode (amplitudon) can be measured. In commensurate phase IV a 

superstructure is formed; now the two phonon modes of symmetry types AI 

and BI that emerge from the amplitudon and the phason become observable 

in light scattering. Anomalies in the molar heat capacity were observed at 

both transitions II +-+ III and III +-+ IV, but considerably weaker at the latter. 

By Brillouin scattring in K2Se04 the relative variation of the longitudinal 

sound velocities with temperature were measured around the transition II +-+ 

Ill. 

A dynamic measurement of the thermal conductivity across a 

transition temperature is rather difficult due to the fact that the sample 

cannot be kept in a steady state during measurements. Thermal wave 

measurements based on photo-thermal effect, such as thermal wave 

interferometry, photo-thermal deflection technique, photo-acoustic methods 

and photopyroelectric measurements help to get over this difficulty. In these 

techniques one measures the thennal diffusivity, rather than thermal 

conductivity. Thermal diffusivity measurements do not suffer from heat 

losses from the sample during measurements and hence is more accurate 

than a direct measurement of thermal conductivity by the steady state 

method. With a proper choice of boundary conditions, photo-thermaV photo

acoustic techniques makes a simultaneous measurement of thermal 

diffusivity and effusivity possible, from which the thermal conductivity and 

specific heat capacity can be extracted. The photo-pyroelectric technique has 

been used earlier to measure the variations of thermal conductivity and heat 
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capacity of a few crystalline solids as they undergo phase transitions with 

temperature [26, 27]. 

In this chapter we report the results of our measurement of the 

thermal diffusivity, thennal conductivity and heat capacity of K2Se04 as it 

goes through the lC-phase between 129.5 K and 93 K. The anisotropy in 

thermal conductivity along the three principal directions of this crystal and 

its variation with temperature are brought out and discussed. Differential 

scanning calorimetric (DSC) measurements across the high temperature 

phases have been carried out to detennine anomalies in enthalpy during the 

transition from Phase I to Phase IT, and the ratio method adopted to 

detennine the variation of specific heat capacity with temperature across the 

high temperature transition point T 1. We have combined the results from 

photopyroelectric and calorimetric measurements to plot the variation of 

specific heat with temperature through all the four phases ofK2Se04, and the 

results are discussed. 

4.2 SAMPLE PREPARATION 

K2Se04 crystals are grown from solution following the well known 

method of slow evaporation technique. Selenous acid (H2Se03) is 

refluxed to get selenic acid (H2$e04) using hydrogen peroxide. Then 

potassium carbonate and selenic acid are taken in stotiometric 

proportions to get the solution of potassium selenate following the 

chemical reaction 

The solution is kept in a bath for three to four weeks to get good transparent 

crystals of K2Se04 of about lxlxl cm3 size. This crystal is isomorpous with 

(NH4)2S04 in morphology [20]. The morphology of the crystal is shown in 
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Figure 4.3; The X-ray powder diffraction pattern of the crystal, recorded for 

structure conftrmation, is shown in the Figure 4.4, which agrees well with 

the diffraction patterns reported earlier. 

c 

a---"'--

(010) 

Fig. 4.3: Morphology ofK2Se04 crystal 

112 



80 

0 
0 ... 

70 ~ ~ 
cl 

" If 0 .. .. M 

60 '" 0 '" ::: N :i': .- ~ 
... 

~ '" '" "l '" .... ui ~ '" .- II " ... 
I=: 50 "C " "C 

~ .. 
~ ... 

M "": 

~ 
g 

" "l " ,.. 40 N 

" ~ "C -- ".., 

.~ 30 ~ 
'" '" 
.... 
" I=: .. 

~ .... 20 I=: -
10 

20 40 60 80 100 

29 (Degrees) 

Fig. 4.4: XRD pattern of K2Se04 crystal at room temperature 

The crystals are cut with a slow speed diamond wheel saw in such a way 

that they have faces nonnal to the [100], [010] and [001] orientations of the 

crystal, which are designated as a, b and c axes respectively. The samples 

are carefully polished and made into thickness of about 0.5 mm for 

photopyroelectric measurements. The density of the sample is measured to 

be 0.859 glcm3
. Pieces of the crystal, weighing about 5 mg, are used for 

scanning calorimetric measurements. 

4.3 EXPERIMENTAL METHODS 

4.3.1 Photo-Pyroelectric Thermal Wave Measurements 

The improved photopyroe1ectric (PPE) technique, described extensively in 

chapter 2, has been used to detennine the thermal properties of single 

crystals of K2Se04 [26, 27]. For this measurement the sample thickness 

113 



should be such that the sample, the pyroelectric detector and the backing 

material used should be thermally thick during the measurement. The sample 

is illuminated with an intensity- modulated beam of light, which gives rise to 

periodic temperature variations in the sample by optical absorption. The 

thennal waves so generated propagate through the sample, and are detected 

with a pyroelectric detector. 

The measurements have been done at temperatures between 85 K 

and 300 K at temperature intervals of 2 K nonnally and at intervals of 1 K at 

temperatures in the vicinity of the two transition points. First, measurements 

have been done with the sample cut with faces normal to the c-axis. At each 

measurement temperature, the sample has been kept at constant temperature 

during measurements. From the frequency dependence of the pyroeiectric 

amplitudes and phases, the thermal diffusivity and effusivity of the sample 

have been determined at each temperature. These measurements have been 

repeated for samples cut with faces normal to a- and b- axes as well. 

4.3.2 Differential Scanning Calorimetric Measurements 

The DSC curve of the sample has been plotted at higher temperatures with a 

Mettler Toledo DSC 822e at a heating rate of 10°C/min. In view of the fact 

that the low temperature transitions in K2Se04 are week, the variations in 

specific heat are comparatively small. It is difficult to measure such small 

variations with enough sensitivity following the DSC technique. In the high 

temperature region, the variation of specific heat with temperature has been 

determined by the ratio method with Alunma used as the reference sample. 

This method results in specific heat capacity values with accuracy better than 

±2.5%. 
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4.4 RESULTS AND DISCUSSION 

The variations of PPE signal amplitude and phase measured as a function of 

modulation frequency for K2Se04 sample, measured along the three principal 

directions at room temperature are shown in figures 4.5 and 4.6 respectively. 

The temperature variations of amplitude and phase along the a-, b-, c-axis of 

K2Se04 are shown in Fig.4.7, Fig.4.8, and Fig.4.9 respectively. From the 

frequency dependence of the pyroelectric amplitudes and phases, the thermal 

diffusivity and effusivity of the sample have been detennined at each 

temperature. The temperature variations of these parameters along the a-, b

and c-axis ofK2Se04 are shown in Fig.4.lO, Fig.4.11 and Fig.4.12. From the 

diffusivity and effusivity values, the corresponding values of thermal 

conductivity and specific heat capacity have been computed and plotted in 

Figures 4.13, 4.14 and 4.15 for all three axes. 
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The numerical values of thennal conductivity of K2Se04 along 

the three symmetry axes at room temperature, as well as at 93 K and 

129.5 K, are tabulated in Table 4.1. 

Table 4.1 Thermal conductivity (in units of 10-~ cm-) Kt) along 
the three principal axes of K2Se04 at different temperatures 

Temperature a - axis b - axis c - axis 
K 

Room Temperature 
(302) 4.21±0.01 4.22 ± 0.01 4.41 ± 0.01 

127 
4.86 ± 0.01 4.88 ± 0.01 5.10±0.01 

93 
4.79 ± 0.01 4.78 ± 0.01 4.80 ± 0.01 

From this table one can estimate the anisotropy in thenna1 

conductivity for potassium se1enate at room temperature as well as at 

the two transition temperatures below room temperature. One can see 

that the thermal conductivity along the c-axis, which is the direction of 

spontaneous polarization for this crystal, is slightly more than those 

along a or b - axes at all temperatures. The anisotropy in thermal 

conductivity, in general, is small and decreases as the temperature is 

lowered. The thennal conductivity ellipsoids for all the three axes have 

been drawn with the corresponding thermal conductivity values at the 

two low temperature transitions as well as at room temperature to 

demonstrate the extent of thermal conductivity anisotropy in this 

crystal. The thennal conductivity ellipsoids at room temperature, 

129.5K, and 93K are shown in figures 4.16 (a, b and c). 
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The variations of thermal diffusivity Ca), effusivity Ce), thermal 

conductivity (k) and specific heat capacity (cp) with temperature along 

the c-axis of K2Se04, shown in figures 4.13 and 4.15, clearly indicate 

that the above thermal properties undergo anomalous variations during 

phase transitions at 93 K and 129.5 K. Figure 4.15 clearly shows that 

thennal conductivity and heat capacity exhibit maxima at the phase 

transition temperatures 93 K and 129.5 K. Moreover, it can be seen that 

there is an overall enhancement in thennal conductivity in the IC-phase 

of K2Se04 between 93 K and 129.5 K. The maxima in thennal 

conductivity at the phase transition temperatures can be explained in 

tenns of the increase in phonon mean free path or decrease in phonon

phonon and phonon-defect collision rates. Again, the anomalous 

variation in specific heat capacity is due to softening of pbonon modes 

and the corresponding enhanced contribution of phonon modes to 

specific heat capacity. 

The le-phase in K2Se04 has been observed experimentally as 

satellite peaks in the X-ray and neutron diffraction patterns. In the IC

phase of K2Se04 at temperatures close to T2, the incommensurate 

modulation wave is purely harmonic, but as the temperature approaches 

TJ, nonlinear phase modes, which are equally spaced commensurate 

constant phase domains separated by narrow phase varying regions 

called phase solitons emerge. The presence of these modulation waves 

or phase solitons can influence heat conduction in ferroelectric crystals 

in two different ways. The usual expression for thennal conductivity k 

in an insulating crystal is given by 

k= (1/3) c v I (4.1) 
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where c, v and I denote the phonon specific heat, the phonon group velocity 

and the phonon mean free path respectively. The phase solitons can affect 

the mean free path by phonon scattering and hence can cause anomalous 

variation of thermal conductivity in the IC-phase. Another possibility is that 

the modulation waves themselves can act as heat carriers, resulting in an 

enhancement in thermal conductivity. Whether thermal conductivity 

increases or decreases during an IC phase transition depends on which factor 

dominates in the process. One can isolate thermal conductivity enhancement 

in the IC-phase by computing the value of k-kbg where k is the total thermal 

conductivity and k bg is the background thermal conductivity in the absence of 

occurrence of the IC-phase. In general, for an insulating crystal, kbg follows 

an inverse T behavior. 

As can be seen from the thermal conductivity ellipsoids drawn at 

different temperatures the general nature of the ellipsoids does not change 

with temperature. This means that the nature of anisotropy in thermal 

conductivity do not change with temperature or during phase 

transition. 

The DSC curve during the heating cycle shown in Fig.4.17 shows a 

clear peak occurring at 745 K indicating that the phase transition at this 

temperature is endothermic. The variation of specific heat capacity with 

temperature to a temperature well above 745 K has been determined by the 

DSC ratio method. These results have been combined with the results shown 

in Fig. 4.15 to plot the variation of heat capacity with temperature 

encompassing all the four phases ofK2Se04. This is shown in FigA.18. The 

variation of the specific heat capacity around the high temperature transition 

around 745 K is shown in the inset of Fig. 4.18. 

To the best of our knowledge, this is the first time the 

variation of the specific heat of K2Se04 through all the three transition 
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temperatures T], T2 and T3 (and through all the four phases) is plotted. The 

anomalous variation in heat capacity during transitions can be understood as 

due to softening of the phonon modes and the corresponding enhanced 

contribution of phonon modes to the specific heat capacity. 
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Chapter 5 

Thermal transport properties of 
La (1-x)TexMn03 (x= 0, 0.1, 0.15, 0.2) 
exhibiting giant magneto resistance 

5.1 INTRODUCTION 

5.1.1. Giant magneto resistance 

The phenomenon of magnetoresistance (MR) is the change in electrical 

resistance (R) of a material in response to an externally applied magnetic 

field (H). Mathematically, it is written as MR = [R (~R (O)]/(R (0), where 

R (H) and R (0) are the resistances of the material in the presence of applied 

magnetic field and zero fields, respectively. The electrical resistance in a 

material arises due to the processes of scattering (collision) of electrons with 

lattice phonons, other electrons, impurities, lattice defects etc. and the 

corresponding scatterings are electron-phonon scattering, electron-electron 

scattering, electron-impurity scattering, etc. In a real crystal, the atoms are 

not fixed at the equilibrium lattice positions, but they always vibrate around 

their equilibrium position' due to thermal energy. When electrons pass by 

these vibrating atoms, they get scattered (e1ectron-phonon interaction) and 

contribute to electrical resistance. In a real world, it is impossible to get a 

crystal completely devoid of defects or impurities. So, during the flow, the 

electrons get scattered by these impurities or defects as well as other 

electrons. When a nonnal material is subjected to an external magnetic field 

(B), the trajectories of the electrons inside the material get deviated and they 

follow a helical path due to the Lorentz force [q(y x B)], where q is charge 

and v is velocity, resulting in an increase in the probability of scattering. 



This process usually gives a small positive ordinary magnetoresistance 

(OMR) of the order of 1 % or so in the field of order of 1 Tesla and varies as 

Ji2 in low field regime. It also does not saturate with increasing field. 

In the year 1857, W. Thomson (Lord Kelvin) discovered a new 

phenomenon when he was measuring the resistance of iron and nickel in the 

presence of a magnetic field [1]. He found a 0.2% increase in the resistance 

of Fe when the magnetic field was applied longitudinally and a 0.4% 

decrease in resistance when the field was applied in transverse direction. 

This phenomenon is known as anisotropic magnetoresistance (AMR). It 

originates from anisotropic spin-orbit interaction and causes the resistance to 

depend on the relative orientation of electric current and magnetization. 

However, it was subsequently found that at room temperature, the AMR in 

bulk. alloys of Ni-Fe and Ni-Co could be of the order of 3-5%. AMR thin 

films were used for the magneto resistive effects in connection with read out 

heads for magnetic disks and as magnetic field sensors. The 151-year-old 

AMR remained as the main source of magnetoresistance in ferromagnets till 

1988, and there was hardly any improvement in the performance of magneto 

resistive materials with time. The general consensus in he 1980s was that it 

was not possible to significantly improve the performance of magnetic 

sensors based on magneto resistive effect. 

In 1988, there was an upsurge in the field of magnetoresistance as 

Fert's grouping France discovered that the application of magnetic field to a 

Fe/Cr multilayer results in a huge reduction of electrical resistance, which 

was found to be much higher than OMR and AMR and named it as giant 

magnetoresistance (GMR) [2J. A similar effect in Fe/Cr/Fe trilayer structure 

was simultaneously discovered by Griinberg's group in Germany [3]. Both 

the above mentioned structures were grown by Molecular Beam Epitaxy 

(MBE) technique. Therefore, the discovery of GMR was solely possible due 

to the development in thin film deposition techniques such as MBE, 
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sputtering, etc., and surprisingly it was found that the layered system grown 

by these techniques were completely different in their properties from their 

constitutive bulk material. Albert Fert and Peter Griinberg were awarded the 

Nobel Prize in 2007 for their independent discovery of GMR. 

Like the other magneto resistances (OMR, AMR), GMR is also a 

change in electrical resistance in response to an externally applied magnetic 

field, and is a quantum mechanical effect which is based on spin-dependent 

scattering phenomenon in magnetic multilayers. The change in resistance of 

the multi layer occurs when the applied magnetic field aligns the magnetic 

moments (magnetization) of successive ferromagnetic layers as shown in 

Figure 5.1. In the absence of applied magnetic field, the magnetic moments 

of magnetic layers are not aligned with respect to each other i.e., their 

magnetizations are anti parallel to each other and it results in higher 

resistance. By applying a magnetic field, the magnetic moments of 

successive ferromagnetic layers get aligned i.e., their magnetizations are 

parallel to each other and it results in a drop in resistance of the multilayer. 

Mathematically, GMR can be defined as GMR = (RAy-Rp)/ Rp, where Rp and 

RAP are the resistances in parallel and antiparallel states. Unlike ordinary 

magnetoresistance, the GMR saturates with applied magnetic field as shown 

in Figure 5.1. 

131 



(a) R,p R 

) \ 
/ '.'i ""'_~.' __ '_'4 Hr 

, 
1-<5 11 

(b) 

(c) M 

/----- ! ,- I 
H, H 

Fig. S.t. Schematic representation ofthe GMR effect. (a)Cbange in the 
resistance of the magnetic multilayer as a function of applied magnetic 
field. (b) Tbe magnetization arrangement (indicated by the arrows) of 
the multilayer (trilayer) at various magnetic fields; tbe magoetizatioDs 
are aligned antip.rallel (AP) at zero field and are aligned parallel (P 
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In order to observe GMR in a magnetic multilayer, one must beable to orient 

the magnetic moments of the fereromagnetic layers in the parallel direction 

by applying a magnetic field and in zero field they should have antiparallel 

magnetization arrangement. This anti parallel magnetization arrangement in a 

multilayer is achieved due to interlayer exchange coupling which IS 

antiferromagnetic (AF) in nature. The interlayer exchange coupling IS 

mediated by the mobile electrons in the non-magnetic spacer layer like er 

and is analogous to Ruderman-Kittel-Kausya-Yosida (RKKY) interaction 

between localized magnetic moments present in a matrix of non-magnetic 

metal. The interlayer exchange coupling oscillates between ferromagnetic 

and antiferromagnetic as a function of the non-magnetic spacer layer 

thickness. By suitably and judiciously tuning the non-magnetic spacer layer 

thickness, one can have antiparallel magnetization alignment in zero field. It 

is not that the antiferromagnetic interlayer exchange coupling is the only 

way to achieve GMR; there are other ways to achieve it. Antiparallel 

magnetization alignment can also be achieved by introducing ferromagnetic 

layers of different coercivities (pseudo-spin valve structure), i.e., by a 

combination of soft and hard ferromagnetic layers. In this case, the magnetic 

moments of the soft and hard ferromagnetic layers switch at different values 

of applied magnetic field providing a window of field values in which the 

layers remain in an antiparallel state with respect to each other, and thus 

leading to high resistance. Once the applied magnetic field crosses the 

coercive field (Hc) of hard ferromagnetic layer, both the layers aligns in 

parallel state leading to low resistance. Another way to change the alignment 

of the ferromagnetic layers is to tune the coercivity of one ferromagnetic 

layer to a higher value. This is possible when one ferromagnetic layer is 

pinned by the exchange coupling with an adjacent antiferro magnetic layer 

(spin valve structure). The other unpinned ferromagnetic layer is free to 

rotate with the applied magnetic field, thus providing a parallel or an 
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antiparallel state. Though the GMR value in a magnetic multilayer is higher, 

spin valves are more attractive because of the small magnetic field required 

to change the resistance of this structure. Magnetic granular systems are also 

ideal candidates from the GMR point of view. In these materials 

ferromagnetic precipitates are embedded in a non-magnetic host metal film. 

The randomly oriented ferromagnetic precipitates tend to align with which 

the application of magnetic field leads to a drop in the resistance. The 

different types of systems described above which exhibit GMR behavior are 

shown in Figure 1.2. 

The origin of GMR can be understood by only considering the spin

dependent effects. According to Mott, the electrical conductivity in a metal 

can be described in terms of two largely independent conducting channels 

corresponding to up and down spins respectively. Total conductivity is 

represented by the two-current model as, (JTotaJ 7' (Jt+ (J~ (keeping in mind 

that there occurs no spin flip scattering). According to him, the electric 

conduction takes place by the sp band electrons primarily as they have lower 

effective mass and higher mobility. As the d band is exchange split in 

ferromagnets, the density of states for up and down band is different at the 

Fermi level. Therefore, the probability of scattering for up and down sp 

electrons into the states near the Fermi level are different. So, the 

conductivities are different for the two conduction channels. 

Using Mott's simple argument, it is possible to understand the origin 

of GMR in magnetic multilayer. Let us consider a collinear magnetic 

configuration of two magnetic layers separated by a non-magnetic spacer 

layer as shown in Figure 1.3. We will assume that the scattering is strong for 

spins anti parallel to magnetization direction and weak for parallel 

magnetization direction. In case of parallel configuration, the spin-up 

electrons are weakly scattered in all layers and leads to spin-down electrons 
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(AF) layer. Tbe bottom FM layer is free to rotate by applied magnetic 
field. (d) In the granular material. magnetic precipitates are embedded 
in tbe non-magnetic metallic material. The application of magnetic field 
aligns the magnetic moments of randomly oriented granules. 
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are strongly scattered in magnetic layers so that they weakly participate to 

the conduction of current. But in low resistance but, in contrast, the Non 

magnetic layer thickness the case of anti parallel configuration, both up and 

down electrons get alternately strongly and weakly scattered, leading to 

higher resistance. The same argument can be used for understanding GMR 

in granular system also. In zero field, the magnetic moments of precipitates 

are randomly oriented. So, up and down spins are scattered strongly resulting 

in high resistance. But with the application of saturating magnetic field, all 

the precipitates align and it results in low resistance. As described above, the 

spin dependent scattering in magnetic multi layers can also be understood 

from the band structure picture shown in Figure!.3: (i) In the case of parallel 

magnetization alignment, the up-band electrons from one ferromagnetic 

layer can be transported to the other ferromagnetic layer due to the 

availability of density of states at the Fermi level, and this leads to low 

resistance. (ii) For the antiparallel case the transport of up electrons from one 

ferromagnetic layer to other is not allowed and it results in high resistance. 

Thus depending on the direction of magnetization of a material with respect 

to spin polarization of the current, a material can behave either as an 

insulator or a conductor. A classic analogy can be made with the 

phenomenon of polarized light passing through the analyzer. However, in 

optical case crossing the po1arizer axis at 90° with respect to analyzer axis 

prevents the transmission of light, whereas for spin-polarized electrons the 

magnetization of successive layers should be rotated by 1800 to stop the 

electrical conduction. 

5.1.2 Manganese oxides 

Mixed valence manganites with the perovskite structure has been studied for 

almost 60 years. The system offers a degree of chemical flexibility that 

pennits the relation between the oxide's structure, electronic and magnetic 
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Fig. 1.3. <a> Schematic illustration of electron transport in a multilayer 
for parallel and aotiparallel magnetization! of tbe successive 
ferromagnetic layers. The magnetization directions are indicated by tbe 
arrows. The solid lines are individual electron trajectories within the 
two spin channels. (b) Schematic representation of microscopic spin
polarized transport from a ferromagnetic metal (FM I) througb a 
normal metal (NM) and into a second ferromagnetic metal (FM2) for 
parallel and Antiparallel magnetization!. For antiparallel 
magoetizations. the transport of up spin electrons from FMI to FM2 is 
not allowed as sbown by a cross (bigber resistance) but for parallel case 
it is allowed (Iow resistance). 
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properties to be examined in a systematic way. Research on the manganites 

have revealed new phenomena such as colossal [4] and dense granular 

magnetoresistance [5] and has led to the formulation of important physical 

concepts such as double exchange [6, 7] and the Jahn-Teller polaron [8,9]. 

Early research was motivated by a need to develop insulating ferromagnets 

with a large magnetization for high frequency applications. More recent 

work has been driven by a desire to understand and exploit the large negative 

magnetoresistance effects that appear above and below the Curie 

temperature. The manganites also have potential use as solid electrolytes, 

catalysts, sensors and novel electronic materials. 

Mixed valence oxides are represented by RI_xAxMn03 (where R = 

La, Nd, Pr and A = Ca, Sr, Ba, Pb) have been the materials of intense 

experimental interest. Besides manganese, many perovskite structure oxides 

formed with Al, Ga or another 3d element such as Chromium, Iron, Cobalt 

or Nickel have been subjected to experimentation. The rare earth 

orthoferrites RFe03 is one example of a series of perovskite structure oxide. 

An exhaustive compilation of data on perovskite-structure compounds by 

Goodenough and Longho [10] was published in a 1970 Landholdt-Bornstein 

volume. The mixed valence oxides can be considered as solid solutions 

between end members such as RMn03 and AMn03, with formal valence 

state R3~3-~2- and A2~4~O/ leading to mixed valence compounds 

such as (Rt::x A;+ ) (Mn:::x Mn;+ )03 , The nominal electronic configurations 

of Mn3
+ and Mn4

+ are 3et and 3cf respectively. Chemically, the system is 

characterized by the wide range of cations, which can occupy the A-site in 

the perovskite structure, which may be set at the body centre or the cube 

corner. The structure of mixed valence oxides can be considered as a cubic 

close packed array formed of 0;- -anions and large A cations with small B 

cations in the octahedral interstitial sites as shown in Fig. 5.4. The ideal 
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cubic structure is distorted by cation size mismatch and the lahn·Teller 

effe<;t, where by a distortion of the oxygen octahedron surrounding the B site 

cation splits the energy levels of a 3d ion such as Mn~ ', thus lowering the 

energy. The distorted structures are frequently orthorhombic. 

The broad feature of mixture valence perovskites was described by 

polycrystalline ceramic samples by lonker and van Santen [11], van Santen 

and Jonker [12] and looker [13] in the late 1940s. They discussed the 

preparation, crystal structure and magnetic 

a~b~c~0.388nm 

Fig. 5.4: Ideal cubic perovskite structure ABO) for tbe mixed valeoce 
perovskites 

properties of the (LaI _ ... Ca ... ) MnO) series [11] and gave an account for the 

electrical conductivity [12]. Similar results were found for the (Lal_.tSr.t) 
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Mn03 and (La1_.rBa.r) Mn03 series, but the range of solid solutions was 

limited to x < 0.7 or x < 0.5 respectively. Magnetoresistance and other 

transport properties were first described in 1954 by Volger [14] who showed 

that the magnetoresistance of Lao.gSrO.2Mn03 is negative with a peak. near the 

Curie temperature. 

5.1.3 Electron doped manganese oxides 

The colossal magnetoresistance (CMR) effect in manganite perovskites has 

drawn worldwide attention recently due to their physical properties and 

potential application as magnetic sensors. Much of the reported work has 

been focused on the family of manganese perovskite oxides Rl-.rA.rMn03, in 

which R is a trivalent rare earth element, A standing for divalent (alkaline 

earth) elements such as Ca, Sr, Ba and Pb, and x for the doping level. The 

charge carriers are holes, i.e. the electrical conductivity is p-type for this 

compound. It exhibits the CMR effect and magnetic phase transition at a 

particular temperature TC, which is always, accompanied a metal-insulator 

transition. These properties are usually explained by the double exchange 

(DE) interaction between Mn3+ and Mn4+ ions [15]. As a tetravalent or 

equivalent cation is substituted for a La site ion of the parent compound 

LaMn03, the charge carriers of this manganite are electrons and its 

conducting type is n-type. The study of this electron-doped CMR material is 

very important, because it might open the door to a new application field and 

lead to a new function device of whole oxides, which can be used at a wide 

range of temperatures and operated with low noise and high sensitivity. 

Studies of electron-doped manganites, including Rl_xCellMn03 in the form of 

bulk and thin films [16-23] and Lal_xZr.rMn03 bulk have been reported [24]. 

According to a previous work, Rl_xCe"Mn03 showed a metal-insulator 

transition and ferromagnetism associated with large negative 

magneto resistance (MR) similar to Lal_xCa.rMn03. Ca ions exist in a 
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· d . M 2+ d Mn3+' th tetravalent state and the Dllxe manganese Ions were n an ID e 

system. Moreover, Mitra et al [22, 23] have already fabricated a p-n diode 

successfully by combining Lal_xCexMn03 and Lal_xCalMn03thin films. 

Recently, Tan et.al. and oleaga et. al. have reported an investigation of a 

new n-type compound Lal_x TexMn03[25, 26]. 

Thermal properties of RI-xAxMn03 is an interesting phenomena to 

be studied. Oleaga et. al. has done the studies in the critical behaviour of 

RMn03 (R=La, Pr, Nd) by thermal diffusivity and specific heat 

measurements close to their magnetic transitions using an ac 

photopyroelectric calorimeter [26]. Hartmann et.al. have done work on the 

magnetoresistance, specific heat and magnetocaloric effect of equiatomic 

rare-earth transition-metal magnesium compounds [27]. In this they have 

performed a systematic study of the resistance and the specific heat as a 

function of temperature and magnetic field on a series of rare-earth (RE) 

transition-metal (T) Mg compounds. C.P_Menon et.al. have done studies on 

thermal properties of LaPbMnO , LaSrMnO, LaCaMnO systems near metal

insulator transition using photo-pyroelectric technique[28]. 

In this chapter we report the photopyroelectric studies of thermal 

properties of Lal_xTexMn03 (x= 0, 0.1, 0.15, 0.2) under varying magnetic 

fields. Details of sample preparation, experimental details, results obtained 

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

S.2. SAMPLE PREPARATION 

Polycrystalline samples of La (I_x)TexMn03 (x= 0, 0.1, 0_15, 0.2) were 

prepared by conventional ceramic techniques. The stoichiometric mixture of 

high purity. La203, Te02 , and Mn30 4 powders was milled, pressed and pre

heated at 700°C for 24 h, and then the sample was ground and fired at 900 

°C for 12 h_ Both the steps mentioned above were processed in flowing 

argon gas_ In the end the sample was sintered at about 930°C for 24 h in 
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flowing oxygen gas and then cooled down to room temperature in the off 

powered furnace. The X-ray diffraction patterns of the samples are taken and 

they agree with the reported ones [25]. The X-ray diffraction patterns of the 

samples are shown in Figure 5.5. 

o .0 '" JO '" '" 
., TO III 

Angle (29) 

Fig. 5.5 X-ray diffraction pattern La (I.s)TexMnO) (x= 0, 0.1, 0.15, 0.2) 

5.3 EXPERIMENTAL METHODS AND RESULS 

5.3.1 PPE Measurements with sample in Magnetic field 

The photopyroelectric method with varying magnetic field as described in 

chapter 2 has been used to detennine the thennal properties LaxTe •.• MnOJ. 

For this measurement the sample dimensions should be such that the sample, 

142 



the pyroelectric detector and the backing material should be thermally thick 

during the whole measurement. The sample is illuminated with an intensity

modulated beam of light, which gives rise to periodic temperature variations 

in the sample by optical absorption. The thermal waves so generated 

propagate through the sample and are detected with a pyroelectric detector. 

Modulation frequency is kept above 30Hz in all our experiments to ensure 

that the detector, the sample and the backing medium are all thermally thick 

during measurements. Block diagram of the experimental setup and other 

details are already given in Chapter 2 of the thesis. The sample cell as such 

is kept between the pole pieces of the electromagnet whose field can be 

varied by varying current. The temperature of the setup also can be varied by 

pouring liquid nitrogen into the sample chamber and then temperature can be 

controlled using a PID temperature controller (Lakeshore Cryotronics 

Model. DRC 82 C). Keeping temperature constant above and below the 

transition temperature, magnetic field is varied and the corresponding 

amplitude and phase of the signal is taken from the lock-in amplifier. From 

this we can calculate the thermal diffusivity and effusivity of the sample for 

that particular temperature and field. And the specific heat capacity and 

thermal conductivity of the sample are evaluated using the equations 

k = e [aj/J] 

cp = e/[p[ajIl2j 

(1) 

(2) 

The calibration of the experimental set up has been done with known 

samples prior to carrying out the measurements. 

The measurements have been done at temperatures between 120 

K and 300K for the sample with x=O, and 200 K and 300K for samples 

with x= 0.1, 0.15, 0.2 at temperature intervals of 2 K normally and at 

intervals of 1 K at temperatures in the vicinity of the two transition 

points. At each measurement temperature, the sample has been kept at 
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constant temperature during measurements. From the frequency 

dependence of the pyroelectric amplitudes and phases, the thermal 

diffusivity and effusivity of the sample along the above axes have been 

determined at each temperature. The temperature variations of these 

parameters for all the four samples are shown in Fig.5.6, Fig.5.7, Fig.5.S, 

Fig.5.9, Fig.5.IO, Fig.5.II , and Fig.5.12 respectively. From the 

diffusivity and effusivity values, the corresponding values of thermal 

conductivity and specific heat capacity have been computed and plotted 

in Figures S.13, 5.14, 5. 15, 5.16, 5.17, 5.IS and 5.19 respectively. These 

parameters are also calculated by keeping the temperature SK above and 

5K below the transition temperature for every sample. These plots are 

also shown in figures 1.20, 5.21,5.22,5.24, 5.25,5.26,5.27, 5.28,5.29, 

5.30 and 5.31. For the sample with x=0.2 these measurements haven' t 

been done since it does not exhibit any transition or anomaly . 

•. 0,---------------------, 

}.I -\..J .. - __ _ 
I - . 
~ • • • I '-

Temperature(K) 
Fig.S. 6: Plot showing tbe variation of tbermal diffusivity of LaM nO) 
witb tempenture. Tbe inset sbows variadon in tbe vicinity of tbe transition 
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5.3.2 DSC measurements 

DSC curves of La1Te{l_1) MnO) crystals have been recorded following the 

standard procedures. The DSC curve of these samples during heating 

cycle is shown in Figures 5.32, 5.33, 5.34 and 5.35 respectively. The 

transitions of each sample can be clearly seen in the DSC plots. 

The DSC plots (all recorded along heating cycle) indicate that 

the transitions are exothennic. Transitions are clearly visible in LaMnO), 

Lao.9Teo.,MnO), Lao.asTeO.ISMnO) while one can notice a small kink at 

253.5K for Lao.sTeo.2MnO) which is indicative of a transition at this 

temperature for this sample. However, since the transition is extremely 

weak, it does not get reflected in thermal conductivity or specific heat 
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capacity. This sample virtually does not exhibit any magnetic transition 

as the temperature is varied. 
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Fig. 5.32: DSC plot of LaMn03 
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Fig. 5.34: DSC plot of LaO.85 TeO.lsMn03 
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Fig. 5.35: DSC plot of Lao.s TeO.2Mn03 

5.4 DISCUSSION OF RESULTS 

5.4.1 X-Ray diffraction 

The plots of X-ray diffraction patterns for these samples are shown in Fig. 

5.5. As we understand, La.l-x)TexMnO} is an electron dominant system and 

hence the conductivity in this may be electronic in nature. It is known that 

the radius of the Te4
+ is about O.097nm and that of La3

+ is O.1216nm. The 

partial substitution of Te4
+ ions with La3

+ ions will cause cell constriction 

and a distortion of the lattice which is evident from the XRD pattern. As can 

be seen from Fig. 5.5 the compound has a rhombohedral structure with space 

groupR-3C. 
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5.4.2 PPE Measurements with sample in Magnetic field 

As can be seen from figures 5.6, 5.7, 5.14 and 5.15 it is clear that the sample 

undergoes a phase transition at 140K which is an antiferromagnetic to para 

magnetic one, with sample being an electrical insulator in both the phases. 

Thermal diffusivity of the sample decreases as the temperature is raised due 

to the reduction in phonon mean free path by phonon-phonon, electron

phonon and phonon-defect scatterings. At T>Tc, the thermal diffusivity 

decreases smoothly. The presence of the magnetic transition is to 

superimpose a dip in the thermal diffusivity curve, creating an analogous 

effect as it has on the specific heat curves. Thermal conductivity also 

decreases with temperature while changing from the antiferromagnetic to the 

paramagnetic phase. These results are in agreement with experimental 

results obtained by other authors (26, 29, 30]. 

From the thermal diffusivity, thermal effusivity, specific heat 

capacity and thermal conductivity plots of Lao.9Teo.,Mn03 and 

Lao.85 Teo.I SMn03 it is clear that they undergo para to ferromagnetic transition 

at around 240K and 255K respectively. The increase in Tc with increase in 

Tellurium concentration can be attributed to the strengthening of the 

interactions due to lattice distortions and bond angle increases. These 

interactions strengthen the ferromagnetic coupling between Mn iOllS. 

The variations of the four thermal parameters with magnetic field 

above and below the transition temperatures are shown in the figures from 

5.20 to 5.31. It is clear from the figures that variation of all four parameters 

above the transition temperature is smaller than those below it. The specific 

heat capacity as well as thermal conductivity are found to increase with 

increasing magnetic field for the three samples above and below the 

transition temperatures. 
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In the perovskite manganites, the five-fold-degenerate d orbital of 

the manganese ion splits into a three-fold-degenerate t2g orbital and a two

fold-degenerate eg orbital in the oxygen octahedra due to the crystal field 

[31]. In addition, distortion of the oxygen octahedra can split the two-fold

degenerate eg level. In the hole-doped samples the electrons in the eg orbital 

get delocalized through Zener double exchange via an effective transfer 

integral t giving rise to electrical conductivity and ferromagnetism. 

As can be seen from figures the thermal diffusivities of the samples 

show an anomalous decrease at the para-ferromagnetic transition 

temperature (Neel temperature). The thermal effushity shows a 

corresponding enhancement at these temperatures. The sample 

L80.8 TeO.2Mn03 does not exhibit any anomaly as this sample does not 

undergo any magnetic transition. In all cases the thermal diffusivity 

decreases and thermal effusivity increases with temperature, with anomalies 

exhibited at the Neel temperature. 

Figures 5.36-5.38 show the plots of the variation of 1/(1 with 

~, where (1 is the thermal diffusivity and ~ = (T -T N)ff N where T is the 

temperature (in K) and T N is the Neel temperature. In these figures it can be 

seen that 11 (1 exhibits a J.. type variation at T N indication that these 

transitions are second-order in nature. 

As is evident from figures 5.13 to 5.19, the thermal 

conductivities of all samples decrease monotonically with temperature and 

specific heat capacity increases with temperature. This is the general 

behavior exhibited by all the solids. This variation of themlal conductivity 

can be explained in terms of the scattering of thermal waves (phonons) by 

lattice phonons or electrons as well as by lattice defects and imperfections. 

As temperature rises the mean free path decreases resulting in a 

corresponding increase in the scattering rates, which is responsible for the 
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decrease in thermal conductivity as temperature increases . This variation 

follows the well known relation 

k = 1/3 c v I 

Where c is the heat capacity, v is the average phonon velocity and I is the 

mean free path. At the magnetic transition temperatures, the samples 

undergo lattice distortion resulting in an enhancement in scattering rates (or 

decrease in mean free path), which results in an anomalous decrease in 

thermal conductivity at these temperature. For the sample which does not 

undergo the magnetic transition, the decrease in thennal conductivity with 

temperature is smooth (See figure 5.19). 

For all the samples the specific heat capacity 

increases with temperature as is true for all solids. Again, at the magnetic 

transition temperatures, the heat capacity shows an anomalous increase, 

which can be considered as due to the entropy of the transition. Plots 

showing the variation of c with .1 for the three samples that exhibit para

ferromagnetic transition are shown in Figures 5.39-5.41. Again, sample with 

no magnetic transition does not show any anomaly in the specific heat curve. 

The variations of c with 1:1 also show a A.-type behavior indicating that the 

phase transition is of second order. 

163 



0.300 

0.295 

U; 0.290 
'1 
E 
0 
~O 

E 0.285 

~ .... 
0.280 

0.275 '--_.L.-___ -'--___ -'-___ --'-___ -'-_--' 

-004 -{).02 0.00 0.02 0.04 

Fig.5.36: Plots showing of the variation of lIa with ~ for LaMn03 

~ 
E 
() 

'l' o ..... 
~ 
t! -..... 

0.97 

0.00 

~.---.---.---.~.~ 
0.95 ~"-

"-
"
.~ 

.--..............---
0.94 - ----... 

0.93 '------"'-------'------'------' 
-0.010 -0.005 0.000 0.005 0.010 

-A-

Fig.5.37: Plots showing of the variation ofl/a with L'1 for 
LaO.9 TeO.IMn03 

164 



:z 
~~ ... 
~ 
l: 
°u 
III 
a. 
III u 
-.; 
.! 
u 

I;:: 
°u 
! 
III 

0.125 ,.------------------------, 

0.120 

~----........-.-----
0.115 

~.-.~.-.-.------

0.110 L--___ --'-___ --'-____ '---___ --'-___ --' 

-0.010 -0.005 0.000 0.005 0.Q10 0.015 

Fig.5.38: Plots showing of the variation of tin with L\ for 
LIlij.85 TeO.ISMn03 

B.O 

7.8 

7.6 

7.4 

7.2 

7.0 L-___ --'-___ -L __ ~ ___ ~ __ ~ __ ~ ___ ~ __ __J 

-0.020 -0.015 -0_010 -0_005 0.000 0.005 0_010 0.015 0.020 

Fig.5.39: Plots showing of the variation of Cp with L\ for LaMn03 

165 



5.90 r------------------------, 

5.88 

5.86 

5.84 

5.82 

~·---.---a---a---·~ 
5.80 ~ 

5.78 a-_________ a 

-----------5.76 

574 

5.72 

5.70 L-_...L-_--'-__ L....-_.L..._---'--_-----' __ L-_---'--_--L_---' 

-0.010 -0.006 -0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 0.008 0.010 

--- A 

Fig.5.40: Plots showing of the variation of Cp with ~ for LaO.9 TeO.IMn03 

6.80,------------------------, 

6.75 

6.70 

6.65 

6.60 

6.55 

6.50 

a' 
6.45 ./ 

,.....---
a-a/ 

.. 

I 
a--a .

-\ _a_a-a-· 
a_a-a_a 

6.40 L-_--1 __ --'-__ ---'--__ -'-__ ..l...... __ -'---_-----' __ ---J 

{).020 {).015 {).010 {).005 0.000 0.005 0.010 0.015 0.020 -
Fig.5.41: Plots showing of the variation of Cp with ~ for La08STeo.lsMn03 

166 



Pure LaMn03 exhibits magnetic transition around 140K. In 

order to investigate the variations of thermal properties with magnetic field 

in the paramagnetic and antiferromagnetic states of this material, we have 

carried out these measurements at 135K as well as at 145K. The 

temperatures were kept constant, and magnetic fields applied to the sample 

were varied. These results for pure LaMn03 are shown in figures 5.20 - 5.23. 

At 145K as the magnetic field increase from OT to 2T, the thermal diffusivity 

decreases from 3.4xlO-2cm2/s to 3.0xlO-2cm2/s resulting in a percentage 

change of about 13%. The corresponding changes in thermal diffusivity at 

135K are about 64%_ If we look at the corresponding variations in thermal 

conductivity, it can be seen that thermal conductivity increases by only about 

6% at 145K for a magnetic field increase by 2T, whereas the corresponding 

increase in thermal conductivity is about 75% at 135K.At both theses 

temperatures, the heat capacity increases with magnetic field, but the 

percentage increases in much more at 135K (nearly 33%) compared to the 

corresponding increase at 145K (nearly 2%). These results are similar for 

Tellurium doped samples (See Figures 5.25, 5.27, 529 and 5.31). 

So, we can see that in the ferromagnetic phase of these 

samples, the thermal conductivity as well as specific heat increase 

significantly with externally applied magnetic field. The significant increase 

in thermal conducthity with magnetic field in the ferromagnetic phase can 

qualitatively be explained in terms of the alignment of the spins and the 

corresponding decrease in thermal wave scattering. The corresponding spin 

ordering that sets in decreases the entropy of the system resulting in a 

corresponding increase in specific heat of the system. These phenomena are 

being explained quantitatively in terms of Double Exchange model and 

Jahn-Teller distortion effects associated with colossal magenetoresistance 

phenomenon in perovskite manganites. 
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Chapter 6 

Thermal transport properties of 
ZnAh04-Ti02 (ZAT) Ceramics 

6.1 INTRODUCTION 

All of us know that ceramic metal packages are extensively used for 

interconnections and environmental protection of active devices such as 

diodes and transistors. Since the inception of these packages, the number of 

applications has grown to such an extent that they are now also utilized for 

interconnections, substrate fabrication, power distribution, cooling, inputs, 

outputs and engineering changes. In the future, growth of the electronic 

industry will place new and even more demanding requirements for 

improved materials and processes. These needs will probably be greatest in 

the computer field, where the cost per computation will have to be reduced 

to handle the large amounts of data and their manipulation in the central 

processor [1-5]. 

The packaging of integrated circuits requires knowledge of ceramics 

and metals to accommodate the fabrication of modules that are used to 

construct subsystems and entire systems from extremely small components. 

The electronic component is the smallest replaceable element in the system 

[6]. The use of ceramics in electronic packaging has advanced to very 

sophisticated levels of science and engineering. The first applications were 

to substrates, which were needed to start the emerging microelectronics era. 

These technologies were used to create the next generation of packages. New 

materials and processes had to be developed to build these ceramic modules. 

The first substrates were made with steatite ceramics which were sintered in 



air at temperatures in the range of 12000 C-13500 C. These substrates were 

metaIized with various pastes, such as gold, silver, palladium and platinum. 

The steatite ceramics were soon replaced with alumina materials [18] and 

were metalized with Mo, Wand Mo-Mn pastes. The latter three pastes had 

to be sintered in the reducing atmospheres. Eventually the alumina ceramics 

could be con fired with these pastes. 

The three main alumina materials [19] currently in use are listed 

with their properties in Table 6.1. Alumina is chosen because of its high 

strength and good thermal conductivity. But it has high dielectric constant 

and thermal expansion than silicon. So it has to be replaced with other 

ceramic materials. The NEC 55% Ah03 and 45% glass does have a thermal 

expansion near that of silicon but it still has a high dielectric constant and 

low thermal conductivity. Therefore the need for developing other ceramic 

materials [20] to replace alumina has been very high. Aluminium nitride 

(AIN) is one such kind of material. It has strength close to that of alumina, a 

high thermal conductivity and an expansion close to that of silicon. But the 

processing of AIN has to be done at higher temperature, above 1800oC, in 

nitrogen atmosphere. And also it has to be hot pressed at temperatures above 

16000 C.Also it will get oxidized and subsequently lose its substrate 

properties [13]. 

Another potential substrate material is silicon nitride, which has a 

high strength, matching thermal expansion to that of silicon, a low dielectric 

constant and low thermal conductivity. Its high strength will allow it to resist 

stresses in ceramic caused by various metals [14, IS]. However, it must also 

be sintered or hot pressed at high temperatures, above 1 700°C. 
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Table 6.1. A1umina materials showing their properties 

Ceramic Dielectric Thermal Thermal 
constant conductivity expansion 

(W/m °C) (ppm/oC) 
96% alumina, 4% 

glass 10.2 20.9 7.1 

92% alumina, 8% 

glass 9.5 16.7 6.9 

55%alumina, 

45% glass 7.5 4.2 4.2 

Another material used for these applications is beryllium oxide 

(BeO). It has got a low dielectric constant and small thennal expansion 

characteristic. It is used in many high-performance semiconductor parts for 

applications such as radio equipment because it has good thermal 

conductivity while also being a good electrical insulator. Some power 

semiconductor devices have used beryllium oxide ceramic to insulate the 

silicon chip from the metallic mounting base of the package in order to 

achieve a low thermal resistance value than for a similar construction made 

with aluminium oxide [16, 17]. But Beryllia is a toxic material which 

constraints its wide commercial use as a packaging substrate.Glass ceramic 

materials such as cordierite , forsterite etc. have low strengths and low 

thermal conductivities. 

In this perspective the development of altmative low loss ceramic substrates 

always catches attention as a substitute for the existing conventional ceramic 

insulators that are used in microelectronic packaging. V ery recently 

Surendran et.al.[21] successfully developed a low dielectric constant, low 

loss substrate dielectric in the spinel-rutile system 0.83ZnAh03-0.17Ti02 
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(ZA T). This specific composition was selected for further investigation since 

its resonant frequency is , by and large independent of the temperature 

variations in the range of 20-80oC. In this present work we explored the 

adaptability of this material for possible application in microelectronic 

industry as substrates and packaging materials. In this study, the most 

important thermal characteristic of a substrate viz thermal conductivity is 

investigated. 

The details of preparation of ZA T samples,measurements done, 

results obtained and a discussion of the results are presented in this chapter. 

6.2 SAMPLE PREPARTION 

The cermaic baed on ZAT specimens were prepared following solid-state 

reaction method. High-purity ZnO and AhO) (purity 99.9%; Aldrich 

chemical Co.) were used as the starting materials for the synthesis of 

ZnAlz03 spinels. The homogenized mixture was calcined at 11000 C for 4 

hours.!t was then ball milled with anatase Ti02 (Aldrih 99.9% pure) 

according to the formula O.83ZnAh03-0.1 7Ti02 for 24 hours using de

ionized water as the mixing medium.The finely crushed powder was then 

granulated and pressed into cylndrical disks of about 1-2 mm diameter. 

These compacts were sintered and thermally etched samples were used to 

measure the thermal properties by PPE methode. The samples were cut using 

a diamond wheel saw and optically polished to a thickness of about O.Smm. 

-The density of the samples determined from the volume and weight. 

(The spinels are a group of oxides that have very similar stmctures. The 

spinel group contains over twenty members, but only a few are considered 

common. Named after their sole gemstone representative, spine! is an 

important group of minerals. It includes one of the most important ores of 

iron, magnetite; an important ore of chromium, chrornite, an important ore of 

lead, minium; a once important ore of manganese, iron and zinc; franklinite 
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and many other interesting members. The general formula of the Spinel 

Group is AB204, where A represents a divalent metal ion such as 

Magnesium, Iron, Nickel, Manganese andlor Zinc. The quad valent lead ion 

can also occupy this sHe. B represents trivalent metal ions such as 

Aluminum, Iron, Chromium andlor Manganese, Titanium may also occupy 

this site with a +4 charge and lead at +2 can occupy this site. Solid 

solutioning is common in this group of minerals, meaning that they may 

contain certain percentages of different ions in any particular specimen. 

Fig.6.1. shows the diagrams of the spinel (A 1) and R-A1203 crystals. 

The structure of spinel is based on the structure of diamond, which 

has the same high symmetry, 4/m bar 3 2/m. The position of the A ions is 

nearly identical to the positions occupied by carbon atoms in the diamond 

structure. This could explain the relatively high hardness and high density, 

typical of this group. The arrangement of the other ions in the structure 

conforms to the symmetry of the diamond structure. But, they disrupt the 

cleavage as there are no cleavage directions in any member of this group. 

The arrangement of the ions also favors the octahedral crystal habit which is 

the predominant crystal form and is in fact the trademark of the spinels. All 

members of this group that share the spinel structure show the same type of 

twinning that is named after spinel, called the Spine/ Law. ). 
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Fig.6.1: Schematic diagrams of the spinel (AI) and R-Ah03 crystals 
(a) view along the 1011] axis of AlI 0 3 and 
(b) top view of the arrangement of the bottom most layer of oxygen 

ions in the spine) and the topmost layer of oxygen ions in Al20 3 

6.3 EXPERIMENTAL METHOD 

The photopyroelectric method described in the earlier chapters has been used 

to determine the. thermal properties of ZA T. For this measurement the 

sample dimensions should be such that the sample, the pyroelectric detector 

and the backing material should be thermally thick during the whole 

measurement. Photopyroelelctric measurements have been carried out on the 

samples following the method already described in Chapter 2. The thermal 

thickness of ZA T sample has been verified by plotting the PPE amplitude 

and phase with frequency at room temperature. Since the optical absorption 
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in ZAT is low, a light coating of carbon black is provided on the face of the 

sample to enhance optical absorption and thennal wave generation. 

Measurement of the PPE signal phase and amplitude enables one to 

determine thennal diffusivity (a) and thermal effusivity (e) respectively. 

Principles of this method and experimental procedures are described in detail 

before. From the measured values of a and e, the thennal conductivity k and 

specific heat capacity cp of the samples are determined, knowing densityp, 

using the following relations [22]. 

k = e [a/I} (1) 

cp = e/ [pr a] 112] (2) 

The calibration of the experimental set up has been done with known 

samples prior to carrying out the measurements. 

The variations of the detected signal amplitude and phase using a 

lock-in amplifier as a function of frequency for ZAT samples at room 

temperature are shown in Fig.6.2, Fig.6.3 and Fig.6.4. In these 

measurements the sample has been cut and polished to such a thickness that 

the sample and the PVDF film detector are thermally thick at all the 

modulation frequencies used. We made measurements on three pieces of the 

ZAT samples which have got different thickness. These samples are 

designated as ZATI, ZAT 11 and ZAT Ill. 
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6.4 RESULTS AND DISCUSSION 

From the ampltude and phase values of the pbotopyroeJectric signal 

obtained we have calculated the thennal transport properties, tbermal 

diffusivity (a), thermal effusivity (e), specificheat capacity (ep) and thermal 

conductivity (k), for the three typical samples ZA TI , ZA T n and ZAT Ill. 

The values obtained are were tabulated in Table 6.2. 

For all the measurements the chopping frequency used was 75Hz. 

The thermal conductivity of ZATn and ZAT III are obtained as 59Wm-'K-', 

while that of ZAT I is 55 Wm"IK"I. It should be remembered that even 

though all the three specimens used in the present investigation are prepared 
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through the same conventional mixed oxide route, the density and thickness 

vary slightly from sample to sample. The thermal conductivity of ZAT I is 

comparatively lower because of its lower densification. Table 6.3 gives a 

comparison of the important substrate properties of some commercially 

important substrate materials [24, 29]. It is evident fonn the table that the 

measured thermal conductivity of ZA T is about three times the value of 

alumina substrates [25]. A thorough evaluation [27, 28] of the thermal 

conductivity of synthetic materials reveal that most of the high thermal 

conductivity materials are diamond like compounds (such as BN, SiC, BeO, 

BP, AIN, BeS, GaN, Si, AlP, and GaP) which require stringent reducing 

atmospheres for their synthesis but the present material is easier to 

synthesize. It is worthwhile to note that contributing phases in the mixture, 

given by zinc aluminate (with face-centered cubic symmetry group Fd3m) 

and rutile (with tetragonal symmetry group P42/mnm), show relatively lower 

thermal conductivities «12 Wm-1K1) [26]. The unusually high thermal 

conductivity of ZAT could possibly be due to the composite like behavior of 

this material. 
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Chapter 7 

Thermal transport properties of 

Polytetrafluoroethy lene/Sr2Ce2 Tis016 

Polymer/Ceramic Composites 

7.1 INTRODUCTION 

The effectiveness with which an electronic system performs its electrical 

functions as well as reliability and cost of the system, are strongly 

determined not only by electrical design, but also by the packaging 

materials. Electronic packaging refers to the packaging of integrated circuit 

(IC) chips (dies), their interconnections for signal and power transmission 

and heat dissipation. Packaging is also required for electromagnetic 

interference (EMI) shielding. In electronic systems, packaging materials may 

also serve as electrical conductors or insulators which provide structure and 

thermal paths, and protect the circuits from environmental factors such as 

moisture, contamination, hostile chemicals and radiation. As the speed and 

power of electronics increase, the heat dissipation problems and the signal 

and the signal delay caused by the capacitive effect of the dielectric material 

become even greater issues that need to be resolved [1-5]. The solution 

involves devising innovative packaging schemes and the continuing search 

for more advanced materials which suits the stringent requirements. 

The levels of packaging or packaging architecture are often used to 

classify materials and required material characteristics for effective 

performance over time. The chip, component, printed wiring board and 

assembly level packaging are referred to as the zeroth, first, second and third 



levels of packaging respectively. In general, each level has unique 

requirements on material properties. The actual applications of materials in 

electronic packaging include interconnections, printed circuit boards, 

substrates, encapsulants, intedays dielectrics, diattach materials, electrical 

contacts, connectors, thermal interface materials, heat sinks, solders, brazes, 

lids and housings [2-5]. 

Polymers and ceramics have extreme electrical, mechanical and 

thermal properties wruch make them suitable for use as packaging materials 

[4]. The electrical properties of microelectronic devices such as signal 

attenuation, propagation velocity and cross talk are influenced by the 

dielectric properties of packaging materials [2-5]. The dielectric constant of 

the composites cannot be increased beyond a certain value as it reduces the 

signal speed. Hence, for a composite material to be used in packaging and 

substrate applications there must be a compromise between signal speed and 

t:r [2-4]. So for practical applicatjons packaging materials must posses 

optimum dielectric constant, low dielectric loss, high thermal conductivity to 

dissipate heat and thermal expansion should be matching to that of silicon 

[l-4]. Hence, polymers filled with low loss ceramics are suitable for 

electronic packaging for device encapsulation and substrates. 

Polytetrafluoroethylene (PTFE) has been extensively used in 

electronic substrates and packaging applications because of its excellent 

dielectric properties (t:r = 2.1 and tan £5= 10-4 at 800 MHz) and chemical 

resistances [6, 7]. However, applications are limited as the polymer has low 

dielectric constant, low thermal conductivity (O.265W/m°C) [8] and high 

coefficient of thermal expansion [9]. Recently, Chen et. a1. [10] reported the 

dielectric properties of PTFE/Si02 composites. But the dielectric constant of 

the composite was as low as Si02 hence, the miniaturization of microwave 

devices by the use of PTFElSi02 composites is limited. In a similar 

investigation Wang et a1. [7] reported the dielectric properties of 
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Ba2 Ti90 2o/PTFE composites. More recently, Xiang et al. investigated the 

dielectric properties of composites involving PTFE and low loss, high er (er = 

94 at 800 MHz) Bi20rZnO-Nb20 s ceramics. However, incorporation of 

high amounts of ceramics leads to poor process ability of the composites. 

Therefore, to improve the process ability of the composites, low loss 

ceramics with high dielectric constant are preferred, since addition of small 

amounts of such ceramics can increase the dielectric constant significantly. 

Even though metals have a high thermal conductivity, they cannot 

be used as fillers because they affect the dielectric properties of the 

composites adversely. Hence, ceramics with low thermal expansion 

coefficients, high thennal conductivities, and low dielectric losses are the 

preferred fillers. Sr2Ce2 TisO l6 is a high dielectric constant, low-loss [11] 

material with a very low coefficient ofthennal expansion (1.72 ppm/0C) and 

a moderate thermal conductivity. 

In order to understand the influence of ceramics on the thermal 

properties of PTFE, PTFE/Sr2Ce2Tis016 polymer-ceramic composites have 

been prepared and photopyroelectric measurements have been carried out on 

them In this chapter we report the thermal properties of PTFEI Sr2Ce2 TisO l6 

polymer ceramic composites measured using photopyroelectric technique. 

7.2 SAMPLE PREPARATION 

Sr2Ce2 TisOl6 ceramics were prepared by the solid-state ceramic route. High

purity srCo3 and Ti02 (99.9 1 %, Aldrich Chemical Co., Inc.) and Ce02 

(99.99%, Indian Rare Earths, Ltd.) were used as the starting materials. 

Stoichiometric amounts of ceramic powders were ball-milled in a distilled 

water medium with yttria-stabilized zirconia balls in plastic container for 24 

h. The slurry was dried and calcined at 1300°C for 5 h. The calcined material 

was ground into a fine powder. Sr2Ce2Tis016 / PTFE (Hindustan 

Fluorocarbons) composites were prepared by powder processing technology. 
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To create an active surface for binding with the polymer, the fine powder of 

Sr2Ce2TisO'6 was mixed with an acrylic acid solution for 1 h and dried [7]. 

Acrylic acid is a well-known polymerizing agent. The dried powder was 

again treated with 2 wt % tetra butyl titanate. The uses of titanate-based 

coupling agents provide excellent mechanical and electrical properties 

compared to other organic functional coupling agents such as silane. The 

evaporation of the solvent gave Sr2Ce2TisOl6 powders cladded with coupling 

agents. 

The volume fraction (vi) of the ceramics is given by 

$= V 21 (V,+V2) (1) 

where V, and V2 are the volumes of PT FE matrix and Sr2Ce2Tis016 ceramic, 

respectively. Different volume fractions (0-0.6) of treated ceramics and 

PTFE powders were dispersed in ethyl alcohol with an ultrasonic mixer for 

about 30 min. A dried powder mixture was obtained by the removal of the 

solvent at 70°C under stirring. The homogeneously mixed PTFEI 

Sr2Ce2 Ti50'6 powders were then compacted under a uni-axial pressure of 50 

MPa for I min. The cylindrical pellets thus obtained were kept at 3 10°C for 

2 h and were then slowly cooled to room temperature. 

7.3 EXPERIMENTAL METHOD 

The improved photopyroelectric method [12, 13], as has been described in 

Chapter 2 of this thesis, has been used to determine the thermal properties of 

PTFE/Sr2Ce2Ti50'6 polymer/ceramic composites. For this measurement the 

sample dimensions should be such that the sample, the pyroelectric detector 

and the backing material should be thermally thick during the whole 

measurement. The sample is illuminated with an intensity- modulated beam 

of light, which gives rise to periodic temperature variation in the sample by 
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optical absorption. The thermal waves so generated propagate through the 

sample and are detected with a pyroelectric detector. 

A 120mw He-Cd laser of wavelength A = 442nm has been used as 

the optical heating source and the intensity modulation is done with a 

mechanical chopper (Model SR540). A PVDF film of thickness 281lm, with 

Ni-Cr coating on both sides, with pyroelectric coefficient P = 0.30 X 10-8 

Vcm-'K"l, is used as the pyroelectric detector. The output signal is measured 

with a lock-in amplifier (Model SR830). Modulation frequency is kept above 

30Hz in all our experiments to ensure that the detector, the sample and the 

backing medium are all thermally thick during measurements. The thermal 

thickness of the sample has been verified by plotting the PPE amplitude and 

phase with frequency at room temperature. Since the optical absorption in 

the sample is low, a light coating of carbon black is provided on the face of 

the sample to enhance optical absorption and thermal wave generation. 

Block diagram of the experimental setup and other details are given in 

Chapter 2 of the thesis. 

Measurement of the PPE signal phase and amplitude enables one to 

determine thermal diffusivity (a) and thermal effusivity (e) respectively. 

Principles of this method and experimental procedures are described in detail 

elsewhere [12]. From the measured values of a and e, the thermal 

conductivity k and specific heat capacity cp of the samples are determined, 

knowing densityp, using the following relations. 

k = e [a/12 

cp = e/[p[a}1I2} 

(2) 

(3) 

The calibration of the experimental set up has been done with known 

samples prior to carrying out the measurements. 
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The variations of the detected PPE signal amplitude and phase as a 

function of frequency for this sample for some volume fractions at room 

temperature are shown in Fig. 7.1, Fig.7.2, Fig.7.3, Fig.7.4 and Fig.7.5 . 
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7.6 RESULTS AND DISCUSSION 

We present below a comprehensive set of results on the thermal transport 

properties of PTFEI Sr}Ce2 Ti sOI6 polymer ceramic composites. The 

variations of thermal diffusivity (a), effusivity (e), thermal conductivity (k) 

and specific heat capacity (cp) of the various samples are shown in Table 7.1, 

along with the mass density of each sample. 

Figure 7.6 shows the experimental values of the thermal 

conductivities of PTFEI Sr2Ce2 TisO I6 composites with different volume 

fractions As the vf of Sr2Ce2 TisOI6 is increased, the thermal conductivity 

also increases. A sudden rise in the thermal conductivity is observed at 0.6 vf 

of the Sr2Ce2 TisOI6 composites. This is due to the presence of more 

connecting paths between the filler regions without disturbing the matrix. A 

similar observation was reported by Kim et al.[14] in Aluminium Nitride 

epoxy composites for 60 vol % AlN. The thermal conductivity of the PTFEI 

Sr2Ce2 TisOI6 improved from 0.283 to 1.7 W ImK for the PTFE/O.6-vf 

Sr2Ce2 TisO'6 composite. The effective thermal conductivity of a composite 

is strongly affected by its composition, structure, intrinsic thermal 

conductivity, filler particle size, shape, and interfacial thermal resistance. 

The interfacial thermal resistance has a significant effect on the thermal 

conductivity of a composite [15, 16]. It arises from the combination of poor 

mechanical or chemical adherence at the interface and a mismatch in 

coefficient of thermal expansion [16]. 

Figure 7.7 shows the variations in the specific heat capacity and 

thermal diffusivity of the composite PTFE/Sr2Ce2 Ti sO'6. with the vf of the 

ceramic in the composite. It increases with increasing filler content. A 

similar observation has also been made by Aravind et.a/. [17] in lead 

titanate/polyvinylidene fluoride. The specific heat capacity of the 

PTFE/Sr2Ce2 TisOI6 composites decreases with increasing ceramic content. 
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ChapterS 

Summary and Conclusions 

A complete characterization of thermal properties of a material reqUIres the 

determination of thermal properties such as thermal diffusivity, thermal 

effusivity, thermal conductivity and heat capacity. Simultaneous determination 

of thermal conductivity and heat capacity, as a function of temperature would be 

highly informative since it would allow studies of critical behaviours of thermal 

parameters when the material undergoes a phase transition. The work in this 

thesis deals with the characterization of thermal transport properties of different 

type of materials such as crystals, materials showing GMR properties and 

dielectrics. 

The photopyroe1ectric (PPE) technique involves measurements 

of the temperature increase of a sample due to the absorption of radiation by 

placing a pyroe1ectric detector in thermal contact with the sample. The 

photopyroelectric technique has a number of advantages over other temperature 

detection techniques, such as its extreme simplicity, good sensitivity and non

destructive probing ability. PPE spectroscopy is less complex and less expensive 

than photoacoustic and photothermal deflection spectroscopies. In PPE 

measurements, the sample is heated by a modulated light beam on one side, and 

a pyroelectric detector detects the temperature oscillations on the opposite side 

of the sample. 



In this thesis, we have taken up work on photopyroelectric investigation 

of thermal parameters of ferroelectric crystals such as Dica1cium lead propionate 

(Ca2Pb(C2HsCOO)6), Potassium selenate (K2Se04) mixed valence perovskites 

samples such as Lal_xTexMn03 (x= 0, 0.1, 0.15, 0.2) which shows GMR 

properties and two dielectric ceramics named 0.83ZnAI20 3-O.17Ti02 (ZAT) and 

PTFEI Sr2C~ Ti s0 16 • 

The ferroelectric crystals are grown by the well known slow evaporation 

technique. The Dica1cium lead propionate crystal show phase transitions at 

191K which is a structural one and at 333K which is ferroelectric phase 

transitions. Both these transitions are reflected in the DSC measurements also. 

For the complete thermal characterization of this particular sample TGIDT A 

measurements are also taken and FTIR measurement gives the informations 

about the bonds formed in the formation of the crystaL The Pottassium selenate 

crystal is another ferroelectric crystal which under goes incommensurate phases 

transition in a region 93K to 129.5K. Below 93 K it is ferro electric and again it 

undergoes a phase transition at 745K which is a structural one_ This phase 

transition is identified using the DSC measurement and the specific heat 

capacity at this transition temperature is calculated. 

Thermal properties of the Lal_xTe,Mn03 (x= 0, 0.1, 0_15, 0.2) are 

studied by va~ng the magnetic field as well as temperature. We have been 

quite successful in finding out the nature of anomaly associated with thermal 

properties when the sample undergoes para to ferromagnetic phase transition 

under magnetic field. The structure of these materials is confirmed with XRD 

measurements and the transitions of these materials are also confirmed with 
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DSC measurements. The thermal properties of the two dielectric samples which 

can be used in electronic packaging are also measured using the PPE technique. 

In summary, we have carried investigations of the variations of the 

thermal parameters during phase transitions employing photopyroelectric 

technique. The results obtained on different systems are important not only in 

understanding the physics behind the transitions but also in establishing the 

potentiality of the PPE tool. The full potential of PPE technique for the 

investigation of optical and thermal properties of materials still remains to be 

taken advantage of by workers in this field. There is lot of scope for doing good 

work to get important results on the thermal properties of materials and 

development of instrumentation required in this area. 
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