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PREFACE

The photoacoustic (PA) effect has widely been psed
in recent years for the investigation of the optical and
thermal properties of materials. It has been an intense
field of research ever since Rosencwaig and Gersho developed
a general theory of the PA effect about a decade ago. There
are many distinct advantages for this new technique compared
to conventional techniques. One of them is that it enables
one to obtain a spectrum similar to the optical absorption
spectrum of any type of so0lid or semisolid material which
cover a wide range of organic, inorganic, biological and
medical specimens. Another principal advantage 1is that
non-radiative transitions can be directly detected by this
technique which is especially powerful for studying optical
properties of semiconductors. Moreover, photoacoustic
technique finds extensive applications in the study of
thermal properties of materials. These include measurement
of thermal diffusivity, thermal wave 3imaging and investi-

gation of phase transitions in solids.

The PA effect is the generation of acoustic signals
when a sample placed inside an enclosed cell is irradiated by

an intensity modulated beam of light. The absorbed 1light



is converted into heat waves through non-radiative relaxation
processes and the thermal waves generated within the sample
are diffused to the surrounding gas causing corresponding
pressure fluctuations which can be detected by a sensitive
microphone suitably placed. The amplitude of the acoustic
signal and its phase relative to the incident modulated 1light
depend, among others, on the thermal diffusivity of the
sample and should therefore be sensitive to any thermodynamic
process occurring within the sample. Such a process could
for instance be a phase transition in a solid. The PA effect
is especially attractive for the study of the changes in the
thermal and optical properties of solids near phase transition
temperatures, The first attempt to study phase transitions
employing the PA effect was by Florian et al., who studied

first order phase transitions in selected materials.

Although there has been a few other papers on this
topic, attempts for a quantitative evaluation of the features
of phase transitions are rare. We have carried out systematic
investigations on a few selected type of phase transitions
existing in solids using PA technique. The systems studied
are the following. (i) High temperature superconductors with
YBa.,Cu,O and Pb doped Bi-Sr-Ca-Cu-O as representative
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samples in order to study the transition from the normal to
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the superconducting state. (ii) Ferroelectrics with KNO3 and
Triglycine Sulphate (TGS) as examples to investigate features
of the para-ferroelectric phase transitions. (iii) Photo-
ferroelectric transition with SbSI as example which shéws
large variation in optical energy gap around the para-ferro-
electric transition point. The thesis contains a detailed
account of the work done on the above topic, the results
obtained and analysis of the results. In the following

paragraphs a brief chapterwise summary is outlined.

The first chapter of the thesis is intended to
provide an introduction to the photoacoustic effect, phase
transitions in solids and photoacoustic study of phase
transitions. This 1is necessary to follow the material
presented in the later chapters. Written in two parts, the
first part describes the basic principles of the PA effect
based on the theory of Rosencwaig and Gersho (RG theory)
highlighting its merits and advantages: with emphasis on
topics related to the work presented in the thesis. Other
theories on PA effect, which are either extensions or modi-
fications of the RG theory are also briefly outlined. 1In the
second part, we discuss the application of photoacoustic

technique for the investigation of phase transitions 1in

solids. This section also includes a review of the work
already done in the field and an analysis of the current

status of this area of research.
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The second chapter 1is devoted to instrumentation
which has been used to carry out the work presented in the
later chapters. The design and fabrication of a variable
temperature photcacoustic cell, design and fabrication o£ a
temperature controller and setting up the PA spectrometer
from the core of this chapter. A block diagram and descript-
ion of our PA spectrometer are given in this chapter. The
heart of the experimental set up, the PA cell, has been
designed and fabricated in our laboratory and can be used to
take measurements over a wide range of temperature from
A85 K to 2 420 K. A sensitive electret microphone has been
used to detect the acoustic signals. An accurate temperature
controller which is essential for phase transition studies
has also been designed and fabricated in our laboratory.
It is a PID controller utilizing a platinum resistor as the
temperature sensor. It can be used to control the temperature
anywhere 1in the range -200°C to +200°C with a set point
resolution of 0.1°C and stability within $0.01°C. The
details of the design and fabrication of the PA cell and

temperature controller are given in this chapter.

In chapter 3 we present our studies on the high
temperature ceramic superconductor YBa2Cu3O7. Chapter 3
begins with the necessary general remarks on the research

activities on high Tc superconductivity and outlines the
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various properties of the new materials, particularly
YBaZCu3O7. Following this a brief description of the method
used by us to prepare the samples using the well established
solid state reaction method is given. The electrical resisti-
vity and magnetic susceptibility of the samples have been
measured and are included in this cﬁapter. A brief review of
other measurements on YBaZCu3O7 especially specific heat and
thermal conductivity, which are most relevant to the study of
high Tc superconducting transitions using PA technique is
given. Photoacoustic study of the superconducting transition
in YBaZCu3O7 is the core of chapter 3. The amplitude of the
PA signal and its phase relative to the incident choped light
beam have been measured as a function of temperature, down to
85 K during both cooling and heating cycles. It is found
that the amplitude of the PA signal does not show any
appreciable change in the vicinity of the superconducting
transition whereas the phase shows an anomalous change near
the transition point. Qualitative explanations for the
results are given. The second phase of measurements involves
the determination of the absolute value of the thermal
diffusivity of YBa2Cu3O7

PA technique. This has been done by measuring the chopping

as a function of temperature using

frequency dependence of the amplitude of the PA signal of a
thin sample mounted on an aluminium disc which acts as a

backing material, at various fixed temperatures above and



below Tc' The thermal diffusivity is found to undergo an
abrupt increase below Tc' in a manner opposed to that of a
normal superconductor. The results obtained from these

studies are presented and discussed in detail in this chapter.

In chapter 4, we present the results of the photo-
acoustic measurements performed on Pb-doped Bi-Sr-Ca-Cu-0O
high Tc superconducting samples. The thermal diffusivity has
been determined as a function of Pb concentration above and
below Tc. It is found that below Tc the thermal diffusivity
saturates below certain Pb doping 1level. The results are

explained on the basis of phonon-defect scattering

Both Pottasium Nitrate (KNO3) and Triglycene
Sulphate (TGS) show para-ferroelectric phase transitions as
the sample temperature is varied and a photoacoustic study of
these transitions form the content of chapter 5. We begin
with a brief introduction to the nature of transitions in
KNO3 and TGS and outline the preparation of the samples for
PA measurements. Systematic measurements of the variation of
PA amplitude on KNO3 as a function of temperature are given
along with results of Differential Scanning Calorimetric

studies made with Perkin-Elmer model DSC-7. It is found that
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the PA amplitude undergoes distinct variations near phase
transition temperatures. PA measurements on TGS are also
included in this chapter. The results of all the above

investigations are analysed in detail.

In chapter 6, we describe the determination of the
optical energy gap of the photoferroelectric material SbSI
using PA technique. A brief outline of the nature of the
transition in SbSI is given. The optical absorption spectra
of these samples have been obtained at various temperatures
by plotting the amplitude of the PA signal against the
incident photon wavelength. The temperature coefficient of
the energy gap in SbSI is found to undergo a marked increase
below the para - ferroelectric transition point which can be
attributed mainly to the lattice elongation due to the
spontaneous polarization below the transition temperature.
A  detailed discussion of the results with necessary

theoretical interpretation is presented in this chapter.

Chapter 7 provides an overall summary and conclusion
of the whole work presented in the thesis. The potentiality
of the photoacoustic technique as a tool for the investi-
gation of different types of phase transitions is emphasised.
Further scope of work in this field of research 1is also

analysed.
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Chapter 1

INTRODUCTION

PART A: PHOTOACOUSTICS AND PHOTOACOUSTIC SPECTROSCOPY

1.1 Introduction

Light interacts

with

matter at the atomic or

molecular levels and this makes it one of the most powerful

tools for the study of

various

microscopic phenomena.

Optical spectroscopy has largely contributed to the enormous

growth of atomic and molecular
of quantum theory during the

Spectroscopy is now a science

and several techniques.

versatility and range have

widely used and very important
characterization of materials.
One major

spectroscopy is that it

samples which are very weak or

or highly light scattering ones;

the technique depends on the detection of photons.

of a weakly absorbing sample,

drawback

for example,

physics and to the development
early vyears of this century.
encompassing many disciplines
nature,

The non-destructive

made optical spectroscopy a

tool for the investigation and

of conventional optical

is very difficult to perform with

very strong absorbers of light
the basic reason being that
In case

a transparent gas



containing minute quantities of absorbing centres such as
pollutants, the absorption measurement involves the detection
of minute variations in the intensity of a strong, essentiaily
unattenuated transmitted 1light beam. Various techniéues
developed to overcome this difficulty such as derivative
spectroscopy have proven to be generally inadequate. For an
opague sample, whose dimensions far exceed the optical
penetration depth, there is essentially no transmitted
photons and absorption measurements become difficult, if not
impossible. Several techniques have been developed to
overcome the difficulties encountered with opague and highly
light scattering substances and the most common of these are
diffuse reflectance ([1], attenuated total reflection (ATR)
and internal reflection spectroscopies [2]1, and Raman
scattering [3]. Eventhough such technidues have been very
useful each suffers from serious limitations. 1In particular,
each method 1is applicable only to a 1limited category of
materials and each is useful only over a small wavelength

range and the data obtained are often difficult to interpret.

The photoacoustic technique has evolved over the
past one and a half decades as a very powerful method to
study those materials that are unsuitable by convensional
transmission or reflection methodologies [4-7]. This

technique, based on the photoacoustic effect originally



detected by Alexander Graham Bell in 1880 [8,9], possesses
some unique features mainly due to the fact that eventhough
the incident energy is in the form of photons, the interaction
of these photons with the sample is studied not thréugh
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.

The photoacoustic (PA) effect is the generation of
an acoustic signal when the sample under investigation,
placed inside a closed cell, is irradiated by an intensity
modulated beam of light. In case of gas and liquid samples,
the sample fills the entire volume of the cell and the
acoustic signals are detected by a microphone and a piezo-
electric transducer respectively. In the case of solid
samples, the sample fills only a portion of the cell and the
remaining volume of the cell is filled with a non-absorbing
gas such as air, and a sensitive microphone 1is suitably
placed 1inside the <cell to pick up the acoustic signals.
The internal energy levels of the sample are excited by the
absorption of incident radiation 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, this



internal heating causes pressure fluctuations having the same
frequency as that of the modulation of the incident beam,
which can be detected by the acoustic transducer. In the
case of solid samples, the periodic heating of the sampie
results in a periodic heat flow from the interior of the
sample to the surrounding gas which in turn produces pressure
fluctuations in the gas which can be detected as an acoustic
signal by the microphone. It is also possible to measure the
heat generated in a bulk solid sample through the subsequent
pressure or stress variation in the sample itself by means of
a piezoelectric detector in intimate contact with the sample.
Eventhough 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 variation of the sample temperature

over a wide range.

Photoacoustics 1is essentially a combination of
optical absorption spectroscopy and calorimetry. From the
calorimetric viewpoint, the heat input into the sample is
supplied indirectly by the incident beam of 1light and the:
rise in temperature is detected by another indirect method

using an acoustic transducer instead of a thermal detector.



For a typical solid sample, using gas microphone detection
system, temperature rise of m110-6°C can be detected.
This acoustic detection has several advantages over convent-
ional thermal detection using temperature sensors sucﬁ as

thermistors or thermopiles in terms of sensitivity, detector

rise time and the speed at which measurements can be made.

The advantages of photoacoustics as a form of
spectroscopy are evident from the very nature of the
technique. Since absorption of optical or electromagnetic
radiation is essential for the generation of the PA signal,
light that 1is transmitted or elastically scattered by the
sample does not interfere with the inherently absorptive PA
measurements. This enables one to work with essentially
transparent media or highly 1light scattering materials such
as powders, amorphous solids, gels and colloids. On the
other hand, since the technique does not depend upon the
detection of photons, it 1is possible to obtain optical
absorption spectra of materials that are completely opaque to
transmitted light. The advantages offered by photoacoustics
over other conventional spectroscopic techniques due to the
two basic aspects viz., the insensitivity to the non-absorbed
light and the non-dependence on the detection of photons,

cannot be over-emphasized.



Spectroscopy is, however, only one of the several
applications of PA effect. In the spectroscopic regime
itself, photoacoustics can be used to measure the absorption
and excitation spectra, the life time of excited states, énd
the quantum yield of radiative processes. In addition to
this, the calorimetric or thermal aspect associated with the
PA effect offers a wide range of applications to study the
thermal and elastic properties of materials. In such studies
the calorimetric or acoustic aspect of photcocacoustics plays
the dominant role, while the optical part is simply a
convenient mechanism for heat generation. Such applications
include measurement of thermal parameters, thermal wave
imaging and study of phase transitions in solids. A more
detailed account of the applications of photoacoustic effect,

as used in this work is given later in this chapter.

1.2 Theory of photoacoustic effect in solids

Eventhough the PA effect was discovered more than a
century ago, the potentiality of the technique remained
almost unexploited until recently. There had been some work
during the thirties and fourties--with the advent of
microphone--to study infrared absorption in gases to evaluate
concentration of gaseous species in gas mixtures, and to

study deexcitation and energy transfer processes in gases [10-15].



The principles underlying the PA effect in gases had been
well known during that time. But a proper theoretical
understanding of PA effect in solids was lacking despite
several attempts during the early years of the discovéry.
Bell himself was aware of the intrinsic optical absorptive
dependence of the photoacoustic effect and he correctly
deduced that the PA effect is due to the internal heating of
the sample by the absorbed radiation energy [9]. But there
were several opinions on how the acoustic signal is generated
due to this heating. Bell hypothesized that the acoustic
signals are generated as a result of periodic expulsion of
gases from air spaces or pores within the solid sample due to
the alternate expansion and contraction of the sample caused
by the periodic heating by the incident radiation. In the
case of a thin membrane or disc type sample, he supported the
theory of Lord Raleigh [16], who concluded that the primary
source of the PA signal was the thermally induced mechanical
vibrations of the disc. Another explanation put forward by
Mecardier [17] was that the sound is due to the vibrating
movement, determined by the alternate heating and cooling
produced by the intermittent radiation, principally in the
gaseous layer adhering to the solid surface. A more or less

similar kind of explanation was also given by Preece [18].



Experiments performed during the last few years indicate that
the primary source of PA signal from a solid sample, as
measured by the gas-microphone method, arises from the
periodic heat flow from the sample to the surrounding éas
with the subsequent change in the gas pressure within the
cell. Although Mercardier and Preece were closest to the
truth, the two mechanisms invoked by Rayleigh and Bell had

also contributed to the explanations at various proportions.

The present understanding of the PA effect 1in
solids is based on modern theories developed during the
seventies. The first attempt to develop an exact theory of
PA effect in solids was carried out by Parker [19] in order
to give a quantitative explanation for the PA signal
emanating from cell windows while performing PA measurements
on gases. This was followed by the pioneering works of
Rosencwaig and co-workers which resulted in enormous uprise
of interest in this field. The general theory of photo-
acoustic effect in solids developed by Rosencwaig and Gersho
(R-G theory) [20,21] has been found to be very successful in
interpreting most of the experimental observations. The
theory shows that in a gas microphone PA cell, the signal
depends both on the generation of an acoustic pressure
disturbance at the sample-gas interface and on the transport

of this pressure disturbance through the gas to the microphone.



The pressure fluctuations at the sample-gas interface are
caused by the periodic heat flow from the sample which is
governed by thermal diffusion equations. Rosencwaig and
Gersho solved the thermal diffusion equations for the saméle,
the backing material on which the sample is mounted and the
gas in the cell, and obtained exact expressions for the
periodic temperature at the sample-gas interface. Although
the thermal part of the theory has been treated exactly, the
acoustic part is treated in an approximate heuristic manner,
which is however valid for most experimental conditions.
Since R-G theory 1is extensively used 1in interpreting the
results of the present work, we feel it would be appropriate
to present the salient features of the theory in this

introductory chapter.

1.3 Theory of Rosencwaig and Gersho (R-G theory)

R-G theory 1is a one-dimensional analysis of the
production of a photoacoustic signal in a simple cylindrical
cell as shown in fig.l.1. The cell has a diameter D and
length L. It is assumed that the length L is small compared
to the wavelength of the acoustic signal and the microphone
(not shown in the figure) detects the average pressure in the

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



10

"TTI®d ¥d Ted2Taputrldd a7dwTs ® JO M3TA TRUOTIDSS SS501)

NWN10D SV9

SV9 40 Y¥3AV1 AYVONNOS
31dWYS

IVIYILYW ONINOVE

-« X Huz o |-

*1°1°b1a

m v a9 O

LHOI

N4

LN3JIONI

Vv

W




11

disc having diameter D and lengthl . The sample is mounted
so that its back surface is against a poor thermal conductor
of thickness |". the length of the gas coloumn in the cell
is given by lr. It is also assumed that the gas and'the

backing material are not absorbers of light.

The following parameters which are important in the

theoretical formulation are defined as:

k : the thermal conductivity (cal.cm—lsec-l°C—l)
. -3
P : the density (gm cm 7)
. “1, -1

C : the specific heat (cal.gm Cc )

_ _ - 2 -1
X = k/fC : the thermal diffusivity (cm® sec )

L -

a = (%&)2: the thermal diffusion coefficient (cm l)

M =1/a : the thermal diffusion length (cm).

W denotes the modulation frequency of the incident 1light
beam in radians per second. In the following treatment
the sample parameters are represented by unprimed symbols and
the gas and backing material parameters by singly primed and

doubly primed letters respectively.
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The intensity I of a sinusoidally modulated
monochromatic beam of 1light with wavelength XN incident on

the sample is given by,
I = [I/Z]Io (1 + coswt) (1.1)

where Io is the incident monochromatic 1light flux (W/cmz).
If ﬁ denotes the optical absorption coefficient of the solid
sample for the wavelength )., the heat density H produced at
a point x due to light absorbed at this point in the solid is

given by,
H = %‘P IO e'Bx (1 + coscot) (1.2)

where x takes on negative values since the solid extends from

x = 0 to x = -l ; with the light incident at x = O. Note
also from fig.l.1 that the gas column extends from x = 0 to
x = |' and the backing from x = -l to x = =(| + ").

The thermal diffusion equation for the sample
taking into account the distributed heat source due to

illumination (eq. 1.2) can be written as

2
:?(2 = %—( i)a% — A epx(l + elwt)
for -—| < x L O (1.3)
1.7
with A = P o (1.4)

2K
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where O is the temperature and '7 is the efficiency with
which the absorbed light is converted into heat through non-
radiative relaxation process. The value of 7 |is taken as
unity in the following treatment; a reasonable assumption'for
most solids at room temperature. The thermal diffusion
equations for the backing material and the gas are respect-

ively given by,

326 1 28 )
52 o Tev o lelsxsol s
2
09 1 06 :
> i~ 0< x < - (1.6)
The real part of the complex valued solution 8 (x,t) of

equations (1.3) to (1.6) is the solution of physical interest
and represents the temperature in the «cell relative to
ambient, as a function of position and time. To completely
specify the solution 6 (x,t) the appropriate boundary
conditions are obtained from the requirement of temperature
and heat flux continuity at the boundaries x = 0 and x = -| ,
and from the constraint that the temperature at the cell

walls x = |' and x = .| -l" is at ambient.

The general solution for 6 (x,t) in the cell

neglecting transients can be written as,
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%.(x e Imm_+w e Gerllgiot | pg x < -
6(x,t) = b1+ b2x + b3epx+ (ue” X+ ve " - Eepx)elmt !
-l x g O
(1 -7) F+ e T et Wt 0 x L I
(1.7)

where W, U, V, E and eo are complex valued <constants,

b b b WO and F are real valued constants, and e =(1+i)a.

1’ T2h 3!
GO and W represent the complex amplitudes of the periodic
temperatures at the sample-gas boundary (x = O0) and the

sample-backing boundary (x = -l) respectively. The quantities

WO and F denote the d.c. components of the temperature at the

sample surface x = 0 and x = -l respectively. The quantities
E and b3, determined by the forcing function in eq.(1l.3) are
given by,
_ -4
b3 = ;5 (1.8)
= A _ ﬁalo
B = Z_ 2 - ) (1.9)
(p7- o) 2K( B°-6%)

The growing exponential components of the solutions
to the gas and backing material are omitted in the general

solution (eq.l.7) because for all frequencies <« of interest, the
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thermal diffusion length is small compared to the length of
the material and hence the sinusoidal components of these
solutions are sufficiently damped so that they are effectively
zero at the cell walls. Therefore, the growing exponeﬂtial
components of the solutions would have coefficients that are
essentially =zero in order to satisfy the temperature

constraint at the cell walls.

By applying the boundary conditions all the
constants of eqg.(1.7) and hence the d.c. and a.c. components
of the solution can be obtained. Then, the explicit solution
for Go, the complex amplitude of the periodic temperature at

the solid-gas boundary (x = 0) is given by,

5 . Blo Er—l)(b&-l)e‘rl - (r+1)(b-1)e'crl + 2(b—r)§'gl:]
o T 2r(p3-¢%) (g+1) (b+1)eS ! - (g-1)(b-1)e !

(1.10)

where b = K;aa" (1.11)

g = K;aa' (1.12)

and T - (1‘“2% (1.13)

The periodic temperature variation at the sample surface as

governed by eq.(1.10) causes thermal waves to diffuse into
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the gas. This periodic diffusion process produces a periodic
temperature variation in the gas as given by the a.c.
component of the solution (1.7).

6 (x,t) = 8_&% * it (1.14)
The time dependent component of the temperature in the gas
(eq.1.14) attenuates rapidly to zero with increasing distance
from the surface of the solid. The periodic temperature
variation in the gas is effectively fully damped out at a
distance of 27 /a' = 27 p' where p' is the thermal diffusion
length of the gas. It can be assumed to a good approximation
that only this boundary 1layer of gas as shown 1in fig.l.1l
whose thickness is 27 p' is capable of responding thermally

to the periodic temperature at the surface of the sample.

The spatially averaged temperature of this boundary

layer of gas as a function of time can be determined as,

2np!
§(t) = 1 6 (x,t)ax (1.15)
ZTIP' ac
o
Substituting eac from (1.14) and using the approximation
é27T<g: 1,
— : -
5(t) =~ 1L g (llwt-T/4) (1.16)

2/2m ©
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Because of the periodic heating, this boundary layer of gas
expands and contracts periodically and thus can be thought of
as acting as an acoustic piston on the rest of the gas
column, producing an acoustic signal that travels through.the
entire gas column. The displacement of this gas piston due

to the periodic heating can be estimated by the ideal gas law

as,
ax(t) = 2np 8 Sof s(we-m/a
rI‘O ﬁTO
(1.17)

Assuming that the rest of the gas responds to this acoustic
piston adiabatically, the acoustic pressure in the cell due
to the displacement of the piston can be obtained from the

adiabatic gas law,

r
PV

constant

Where P is the pressure, V is the gas volume in the cell and
Y is the ratio of specific heats of the gas. Then the

incremental pressure is given by,

p p
" Po v = T Po Ox(t)
vo (N

dP(t) =

where Po and Vo are the ambient pressure and volume respect-

ively, and - OV is the incremental volume.
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Substituting from (1.17)

2p(t) = g e(®E-T/4)
Y. 6 (1.18)
where Q = —O_O
/7W'a'TO

Thus the actual physical pressure variation AP(t) is given

by the real part of the dP(t) as,

AP(t) = Qlcos(QJt -1/4) - Q2sin(03t—71/4)
(1.19)
or Ap(t) = qcos(wt =% -T/a) (1.20)

where Ql and Q2 are the real and imaginary parts of Q and

q and ¥ are the amplitude and phase of Q, that is,
o = o +iQ, = ge ¥ (1.21)

Thus Q specifies the complex envelope of the sinusoidal
pressure variation, and the explicit formula for Q is obtained

by combining (1.10) and (1.18).

ﬁ IOT Po (1:'—1)(b+-l)e("~l —(r+l)(b—l)e—64 + 2(b—r)e—pl
° Tz rklatg-d) (g+1) (b+1) ™! —(g-1) (b-1)e” ©

(1.22)
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Equation (1.22) gives the amplitude and phase of the acoustic

pressure wave denerated in the cell by photoacoustic effect.

Special Cases

The complexity and the consequent difficulty in the
interpretation of eq.(l1.22) can be reduced by examining the
following special cases. The special cases are determined by
the relative magnitudes of the optical absorption 1length
lﬁ = %, the thermal diffusion length p and the thickness (
of the sample respectively. For all cases it is assumed that

g<b and b ~ 1. Also it is convenient to define

Y P I
Y = ——————o ° (1-23)
2 /2 Tol'

which always appears as a constant factor in the expression

for Q.

Case 1l: Optically Transparent Solids (lp > | )

In this case the light is absorbed throughout the
length of the sample and some 1light is transmitted through

the sample.

Case 1(a): Thermally Thin Solids (p>>l| ; p > [F}

Here wusing the approximations e_ﬁliQ: 1 - Bl
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e*®la1 ana |lrt] > 1 in eq.(1.22), the expression for Q is

obtained as

(1.24)

Equation (1.24) shows that in this case the acoustic signal

is proportional to ﬂl and since gT is proportional to the

5!
acoustic signal has an Co_l dependence. Also, for this
thermally thin case of p>> 1 , the thermal properties of the

backing material come into play in the expression for Q.

Case 1(b): Thermally Thin Solids (p>1 s p<:lp )

Here setting e—'BlRfl —/Bl ;e ~(1 *ol ) and

|r| <1 in eqg.(1.22) the expression for Q becomes,

ALy 2 2 2, . (1-i) Bl p"
. ~ - n
4E—;T;§B[P + 2a”] + l[p - 2a"] v ————(—)¥

(1.25)

Here again the acoustic signal 1is proportional to ﬁl and

varies as wt and depends on the thermal properties of the

backing material. Equation (1.25) is identical to (1.24).
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Case 1l(c): Thermally Thick Solids (p <1 ; p<:<JP)

_o—l

Here setting e_klﬁt ].-ﬂl, e ~ 0 and |r|<§. 1

in eq.(1.22).

o = ZiBu (B y (1.26)
2a' K

In this case the acoustic signal 1is proportional to Agp
instead of gl . This means that only the 1light absorbed
within the first thermal diffusion length contributes to the
signal eventhough the absorption takes place throughout the
thickness of the solid. Also, since p< | the thermal
properties of the backing material in eq.(1.24) and (1.25)
are replaced by those of the solid sample. The signal in

. . -3/2
this case varies as (@)) / R

Case 2: Optically Opaque Solids

In this case most of the light is absorbed within a
distance that is small compared to | and essentially no

light is transmitted.

Case 2(a): Thermally Thin Solids (p>> 1 ; p >:>lp )

Using the approximations e_‘Bl ~ 0, e A~ 1 and

|r]>> 1
o a~ L1-i) (BL) y (1.27)
2a' K"
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In this case the acoustic signal is independent of £ . It

depends on the thermal properties of the backing material and

. -1
varies as @ .

Case 2(b): Thermally Thick Solids (p <l : p :>lp )
setting e #l a0, e 'a 0 and |r| > 1 in (1.22),
Y . (1-1) ,p
Q = —— (B- 2a - if) =~ Z) vy 1.28
2a‘aKp ﬁ F 2a’ (K) ( )

Equation (1.28) is similar to (1.27) except that the thermal
parameters of the backing material are now replaced by those
of the sample. Here also, the acoustic signal is independent

. -1
of ﬁ and varies as W .,

Case 2(c): Thermally Thick Solids (p<<< | : p < lﬁ )

Setting e—/gl x~ 0, e "V 2 0 and lr}] << 1 in (1.22),
0 = _:ﬂél_ (2a—ﬁ —iF ) A ifiﬂ (E) Y (1.29)
V3 2a' K
4a'a”K

This is a very interesting case because eventhough

the sample 1is optically opagque, it is not photoacoustically
opague as long as p-<‘% r that is the acoustic signal is
proportional to p . The signal also depends upon the thermal

properties of the sample and varies as Qf3/2.
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The essence of the R-G theory as summarized 1in
egs.(1.24) to (1.29) have successfully been verified by
several workers [22-25]. Further improvements to the theory
have been made later by treating the transport of the acodstic
signal in the gas more exactly with Navier-Stokes

Equation [26-29].

McDonald and Wetsel [28] extended the theory to
include the effect of thermally induced mechanical vibrations
of the sample by solving coupled equations for thermal and
acoustic waves in both the sample and gas. Although these
refinements did not change the basic results of the R-G
theory for most experimental conditions, they were able to
account for observed deviations from the R-G theory at very

low modulation frequencies.

1.4 Applications of the photoacoustic effect

As we have seen earlier, the PA technique incor-
porates two aspects viz., spectroscopy and calorimetry.
Applications of the PA effect therefore correspondingly fall
into two classes. The first one is basically a study of the
interaction of photons with matter and the second one is the
study of thermal and acoustic properties of materials.,

During the past few years there have been enormous growth for
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applications of the PA technique 1in various branches of
science and technology. The range of applications are so
wide that any attempt to summarize them would neither be easy
nor short. The following paragraphs outline only some of.the

principal applications of the PA effect.

Spectroscopy is perhaps the most basic and earliest
application of the PA effect. One of the principal advantages
of PA spectroscopy is that it enables one to obtain spectra
similar to the optical absorption spectra of any type of
solid or semisolid material, whether it be <crystalline,
powder, amorphous, smear or gel. Furthermore, it has been
found experimentally that good optical absorption data can be
obtained with the PA technique on materials that are
essentially transparent [30] or completely opaque [5,31] to
incident 1light. PA spectroscopy has already found important
applications in research and analysis of inorganic, organic

and biological solids and semisolids ([4,31-33].

The sensitivity of measurement of optical absorption
in weakly absorbing samples has increased to an extent of
~10710 cpt [34] with the advent of laser PA systems. Laser

PA technique finds extensive applications in overtone spectro-

scopy, trace analysis and ©pollution monitoring [35-39].
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The PA technique can be used to study insulator, semiconductor
and even metallic systems that cannot be readily studied by
conventional absorption techniques. In case of insulators,
PR spectra give direct information about the optiéal
absorption bands in the material [4]. Both direct and
indirect transitions can be detected using PA technique in

semiconductors [5,31].

Applications in the spectroscopic regime also
include the study of de-excitation processes in materials.
The selective sensitivity of the PA technique to non-radiative
de-excitation channel can be used to study flourescence and
photosensitivity of materials. If there are only two
competing Dbranches, for example, luminiscence and heat
producing de-excitation, then by PA monitoring of the non-
radiative branch, the quantum efficiency of 1luminiscence
under various conditions can be deduced [40-43]. PA effect
has been effectively wutilized for de-excitation studies in
rare earth oxides and in doped crystals [44-45]. A combina-
tion of conventional flourescence spectroscopy and PA spectro-
scopy can provide information about the relative strength of
the radiative and non-radiative de-excitation processes in

solids.
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The PA technique is very useful in the study of
photovoltaic de-excitation processes in semiconductors. In
such processes part of the incident radiation is converted
into electrical energy resulting in a corresponding reduction
in the thermal energy produced and hence the PA signal
depends upon the energy conversion efficiency of the process.
Measurement of photoelectrical generation efficiency of
silicon solar cells using PA technique has been reported ‘by
Cahen [46]. There are reports on the use of PA method to
determine photoconductive quantum efficiency of a thin
organic dye film [47], and photocarrier generation quantum
efficiency of a Schottky diode [48]. The PA method has been
used to investigate laser annealing of semiconductor surfaces,
to monitor dopant concentration and diffusion, to study the
degree of recrystallisation and to detect possible damage
resulting from laser irradiation [49,50]. It has also been
used to study recombination processes in semiconductors along

with photoconductivity studies [51,52].

One of the direct results of R-G theory is that only
the heat generated within a depth of one thermal diffusion length
of the sample contributes to the PA signal. Since the thermal
diffusion length is a function of chopping frequency, one can
have a depth profile analysis of the sample by varying the

chopping frequency. Information from deeper regions within
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the sample is obtained by lowering the chopping frequency
while near surface features can be monitored using sufficiently
high frequencies. This unique capability of the PA technique
brings some important applications especially in the case of
thin films, layered and opaque samples etc. Depth profiling
is also important in the study of doped semiconductors, laser
windows etc., whose surface absorption properties are

different from that of the bulk.

Recently attention has turned to the possibility of
using PA effect for imaging applications [53-56]. By scanning
the amplitude modulated focussed 1light beam across the
surface of the sample and recording the amplitude and phase
of the photoacoustic response, it is possible to construct an
image that 1is characteristic of the optical and thermal
properties within a part of the sample. PA images at various
depths can be obtained using different chopping frequencies.
The PA image is due "to the spatial variation in the optical
and thermal properties of the material. This form of imaging
is becoming increasingly important for subsurface imaging and
detecting flaws in samples such as semiconductor chips. The
technique of photoacoustic microscopy makes use of the

imaging applications of PA effect.
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The PA technique finds extensive applications in the
investigation of thermal properties of materials. The
thermal and acoustic waves generated by optical irradiation
can be used to investigate different properties such as
thermal diffusivity, sound velocity, flow velocity, thickness
of thin films, sub-surface defects and so on. Adams and
Kirkbright [57] were the first to use PA technique to obtain
thermal diffusivity values of copper and glass by using rear
surface illumination. Later several workers [58-63] investi-
gated the use of PA technique for the measurement of thermal
parameters in detail and various methods have developed in

this area.

The dependence of the PA signal on the thermal
properties of the sample has created a great deal of interest
in the technique for the investigation of phase transition in
solids. Since this application has special relevance in
respect of the work presented in this thesis, a detailed
account of this topic is given in the next section of this

chapter.

PART B: PHOTOACOUSTIC INVESTIGATION OF PHASE TRANSITIONS
IN SOLIDS

1.5 Phase transitions in solids

The cross-disciplinary subject of phase transitions

is of great interest in the study of condensed matter on
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account of its academic as well as technological relevances.
This very interesting phenomena is found to occur in a
variety of ways in many physical systems. Literature abounds
in theoretical and experimental studies of phase transitions
in solids and newer kinds of phase transitions in newer
systems are constantly reported. Basic features of phase
transitions have been discussed by several authors [64,65].
In the following paragraphs a brief outline of the basic

ideas regarding phase transitions in solids is presented.

A homogeneous assembly of atoms or molecules,
called a phase, is characterized by thermodynamic properties
like volume, pressure, temperature and energy. The stability
of an isolated phase is determined by whether its energy--
more generally, its free energy--is a minimum for the speci-
fied thermodynamic conditions. If the phase is present in a
local minimum of free energy instead of a unique minimum and

is separated by still lower minima (under the same thermo-
dynamic conditions) by energy barriers, the system is said to
be in a metastable state. If barriers do not exist, the state of
the system becomes unstable and the system moves into a stable

or equilibrium state, characterized by the lowest value for free



30

enerqgy. As the temperature, pressure or any other variable
like an electric or magnetic field acting on a system is
varied, the free energy of the system changes smoothly and
continuously. Whenever such variations are associated Qith
changes in the structural details of the phase (atomic or
electronic configuration) a phase transition 1is said to

occur.

bDuring a phase transition, whereas the free energy
of the system remains continuous, thermodynamic quantities
like entropy, volume, specific heat etc., undergo dis-
continuous changes. Ehrenfest [66] classified phase
transitions depending upon the relation between the thermo-
dynamic quantity undergoing discontinuity and the Gibb's free
energy function. According to this scheme, a transition is
said to be of the same order as the derivative of the Gibb's
function which shows a discontinuous change at the transition.
Thus if there is discontinuity in quantities such as volume
and entropy which are first order derivatives of the Gibb's
function, the transition 1is said to be of first order,
whereas if specific heat, compressibility, thermal expansion
etc., are the quantities undergoing discontinuity, which are
second order derivatives of Gibb's free energy function, the

transition is said to be of second order and so on. However,
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several of the known transitions [67,68] do not strictly
belong to any of the above classes. There is superposition
of second order behaviour in many first order transitions and
vice-versa. It is possible that many of the transitions.are

really of mixed order.

Phase transitions are always associated with
configurational changes within the system. Magnetic phase
transitions are driven by the alignment of unpaired spins in
a specific direction and one usually does not observe any
changes in the atomic configuration. On the other hand,
several other types of phase transitions 1like the para-
ferroelectric transitions are generally associated with
atomic rearrangements 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
an amorphous solid <changing to the crystalline state.
Secondly, there are transitions where a regular lattice 1is
distorted slightly without in any way disrupting the linkage
of the network. This can occur as a result of small displace-
ments 1in 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
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transitions belong to the second group. The displacive type
transitions are often driven by the freezing out of a
vibrational mode called a soft mode. In case of a ferro-
electric transition the soft mode 1is an optical phénon
belonging to the centre of the Brillouin 2zone while in the
case of an antiferroelectric transition is a 2zone boundary
phonon. Soft acoustic phonons are found to be associated

with ferroelastic transitions.

Since all phase transitions involve configurational
changes, one can always identify a physical quantity that is
characteristic of the new ordered configuration. Such a
concept of an order parameter was introduced by L.Landau [69]
in his thermodynamic theory of phase transitions. The order
parametér has a non-zero value in the ordered phase below the
transition temperature Tc and is zero above Tc' Thus, in a
ferroelectric transition the order parameter is the sponta-
neous polarization while in a ferroelastic transition it is
the spontaneous strain. Landau assumed that the Gibb's free
energy can be expanded in powers of the order parameter in the
vicinity of a phase transition where the value of the order
parameter 1is very small. The results of Landau theory
supports Ehrenfest's classification and reveals many basic

features of phase transitions.
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Phase transitions in solids are often accompanied
by interesting changes in their physical properties. Several
techniques are employed to investigate phase transitions
depending on the nature of the solid and the propertieé of
interest. Such studies are not only of academic value in
understanding the structural and mechanistic aspects of phase
transitions, but can also be of technological importance.
The literature abounds in studies of phase transitions using
a wide range of techniques including 1light scattering,
thermal, optical, electrical, magnetic, dielectric, ultrasonic,

spectroscopic and other measurements [68,70-74].

1.6 Photoacoustic investigation of phase transitions

Besides several well established methods such as
Raman and neutron scattering, NMR, ultrasound studies etc.,
photoacoustic technique has gained wide interest as a
powerful tool for the study of phase transitions in solids
recently. The wealth of information contained in the PA
signal can be wused to investigate the variations 1in the
optical and thermal properties of materials during phase
changes. The PA technique offers several advantages such as
easiness in sample preparation, the range of samples that can

be studied etc.
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In phase transition studies, photoacoustics
constitutes a complementary technique to the conventional
calorimetric methodology. The amplitude of the PA signal 1is
determined primarily by the amplitude of the tempera&ure
oscillation at the sample surface which is governed by the

thermal diffusivity of the sample given by,

o = K (1.30)

where K, f and C are the thermal conductivity, density and
specific heat of the sample respectively. The R-G theory
predicts different quantitative relations between & and the
PA signal depending upon the experimental condition. Thus

for the amplitude I of the PA signal from a light absorbing,

PA
thermally thick sample we have from eq.{1.28),

. :

1, o« (B) o< k7% 77 (1.31)

In this case we see that the amplitude of the PA signal is
inversely ©proportional to the square roots of thermal
conductivity and specific heat. The above equation is for
the case where p:>lp . For p<:lp + egq.(1.29) as well

as (1.26) gives,

(1.32)

o] gt
(9!

{

[

PA
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Here the signal amplitude is independent of the thermal
conductivity of the sample and varies inversely as the

specific heat.

A significant number of solids undergoing interest-
ing phase transitions are transparent crystals. Direct PA
monitoring of transitions in such materials is difficult due
to the 1low signal intensity due to weak absorption with
ordinary light sources. This difficulty can be overcome by
mixing the sample with absorbing centres like fine particles
of carbon black. In such cases, the fine particles will be
thermally thin and hence the PA signal will be determined by
the thermal properties of the sample which acts as the
backing material. Thus the experimental condition becomes
that of an optically opaque and thermally thin case, and we

get from eqg.(1.27) that

(1.33)

Here also the PA signal varies inversely as the square roots
of the thermal conductivity and specific heat of the sample.
In the above discussions only the sample parameters which

affect the PA signal are considered.



36

There have been several reports on the use of
photoacoustic technique for the investigation of phase
transitions. We summarize below the work already reported in
this field. Florian et al. [75] were the first to publish
results of measurements of PA effect in the temperature
region of first order phase transitions in solids. In their
paper, results of measurements of the PA signal at the
liquid-solid transition of gallium and of water and the
structural phase transition in Kzan16 were reported. The
amplitude and phase angle of the PA signal were recorded as a
function of temperature and both were found to undergo
anomalous changes during the phase transitions. Qualitative
explanations have been given based on the latent heat of the
transition and no attempt has been made to explain the

results on the basis of R-G theory.

Pichon et al. [76] examined the specific heat
anomaly of thermally thick dielectric samples in the neighbour-
hood of a magnetic phase transition wusing PA technique.
R-G theory has been used to obtain relative values of the

specific heat. Results obtained with CrCl3 and MnF2 are

given therein. In case of MnF2 the observed anomaly is
comparable to that obtained using conventional calorimetric
measurements. They also have observed that the shift of the
PA signal anomaly from TC is reduced as the laser power is

reduced. For 20 mW of incident power the shift 1is about

1.3 K from the zero power extrapolated value.
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By exploring the dependence of the photoacoustic
signal on the thermal properties of the sample,

Siqueira et al. [77] demonstrated experimentally the useful-

ness of photoacoustic effect for investigating phase
transitions in solids. Their studies have been on aluminium
doped VO The results are in qualitative agreement with R-G

5°
theory. They also described the design of the PA cell used
for measurements. The complete characterization of the cell

is done by a piece of germanium single crystal, the thermal

properties of which are well known.

A theoretical model for the PA effect during a
first order phase transition has been described by Korpiun
and Tilgner ([78]. With this model, called the oscillating
interface model, they have solved the differential equation
of conduction of heat for a medium exhibiting a temperature
gradient superposed by a temperature oscillation due to the
absorption of 1light with sinusoidally varying intensity.
In the medium there exists two regions of different thermo-
dynamic phases separated by an interface at the transition
temperature. The variation of the intensity of 1light
absorbed at the surface 1leads to an oscillation of the
interface that is accompanied by absorption and emission of

latent heat in the sample. This periodic storage of heat by
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the sample should as well influence the phase angle between
the incident chopped light and the oscillation of temperature
at the surface that governs the acoustic signal, as the
temperature itself detected as the amplitude of thé PA
signal. The latent heat for phase transitions is taken into
account through boundary conditions for the heat flow at the
interface. It 1is assumed that the optical absorption
coefficient is much 1larger than the thermal diffusion
coefficient as realized in strongly absorbing materials. The
application of their calculation to measured data is discussed
with respect to the technique used to detect the acoustic

signal.

Bibi and Jenkins [79] have reported observation of
a first order phase transition 1in CoSiF6.6H20 using photo-
acoustic technique. They observed a large change in phase
angle through the phase transition point as predicted.
However, the large red shift in the absorption characteristics
of CoSiF6.6H20 on traversing the transition from above, with
consequent stronger surface absorption below the phase
transition, will itself contribute strongly to a change 1in
the phase angle of the signal and makes it difficult to
compare the results with theory. In fact, the red shift

probably explains why the phase did not recover below the

transition as one usually observes.
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Korpiun et al. [80] have investigated the temper-
ature dependence of the PA signal at the solid-liquid phase
transition of gallium at 302.8 K, the structural phase
transition of V02 at 340 K and of BaTiO3 with 0.45% Fe205 by
weight at 393 K. The temperature behaviour of both amplitude
and phase are nearly the same while passing through the
transition from above as well as from below. Qualitative
interpretations are given to the observations based on the
newly developed oscillating interface model [78]. 1In another
paper by Korpiun and Tilgner [81] the above model is applied
to thermally thin samples and verified in the case of melting
of Indium. It is shown that the shift in the phase angle for
a thermally ¢thin sample near the transition is negative,
whereas for thermally thick samples it is essentially

positive.

The PA technique has been applied to the study of a
series of phase transitions in Tetramethylamonium tetrachloro
cobaltate (TMATC-CO) by Fernandez et al. [82]. A comparison
between calorimetric and PA measurements confirms the great
potential and accuracy of the PA method is the study of phase
transitions in solids. From PA and specific heat data they
calculated the thermal conductivity of the material over~ a

wide range, based on R-G theory. The authors also have
described a resonant type PA cell which allows PA measurements

over a wide temperature range.
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A theoretical model which accounts for the variation
of PA amplitude and phase at first and second order phase
transitions in solids using a piezoelectric detection scheme
has been proposed by Etxebarria et al. [83]. This modei is
based on a previously published one for the study of phase
transitions using microphonic detection [78]. Measurements

of the PA signal on CsCuCl

and [N(CH3)4]2COC1 have presented.

3 4
However, for the PA signal amplitude both models provide
almost indistinguishable results. The authors point out the
necessity of additional theoretical work for a quantitative

application of this experimental technique to phase transi-

tions in solids.

Somasundaram et al. [84] have carried out a
systematic study of a few typical phase transitions exhibited

by different solids. Among the systems studied are (i) NaNO2

in single crystal as well as polycrystalline powder forms in
order to study the influence of particle size on the para-

ferroelectric transition (ii) CuO and BaTiO3 which show

second order anti-ferromagnetic and ferroelectric transitions
at 290 and 400 K respectively (iii) inorganic nitrates which

exhibit first order transitions (iv) Cu,HgI, which is thermo-

2 4

chromic, and (v) insulator-metal transition in VO2 and V305.

They compared the changes in the PA amplitude with the
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published data on specific heat or thermal diffusivity.
Their study 1is not only 1illustrative of the application of
the technique but also shows that the relative changes in the
PA signal at a phase transition are independent of some of
the parameters that effect the PA intensity. The results
reported are not entirely in agreement with R-G theory. One
needs to take several factors into account in explaining
gquantitatively the variation of PA amplitude and phase near

critical points.

There have been a few reports on the application of
PA  technigue for the investigation of superconducting
transitions. Song et al. [85] have measured the temperature
dependence of the PA signal intensity near the superconducting
transition temperature in the high temperature superconductor
YBaZCu3O7_x. They observed a small anomaly in the signal
amplitude at the temperature which corresponds to the onset
temperature of the superconducting transition in resistivity
measurements. The anomalous change of the PA signal intensity
is attributed mainly to the specific heat Jjump associated
with the superconducting transitions. In another paper by
Song and Chung [86] the relative values of specific heat in

the temperature region around the high TC superconducting

transition 1in GdBaZCu3 7-x and DyBaZCu3 7-x samples are
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determined from the PA signal amplitude using thermal
conductivity data measured by the 1longitudinal heat flow
method. The specific heat values determined by PA technique
show good agreement with those obtained by calorimefric
methods. The paper also describes photoacoustic measurements

on a KDP(KH PO4) sample near the ferroelectric transition in

2
order to confirm the usefulness of the technique for the

measurement of specific heat near phase transitions.

The work done by us on photoacoustic investigation
of phase transitions in a number of solids is presented in

the following chapters.
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Chapter 2

INSTRUMENTATION

In this chapter we describe the experimental set up
used for the present work. After a short general introduction
to PA spectrometers, a detailed description of our system,
including the design fabrication and characterization of a
variable temperature PA cell, is given. This chapter also
describes an accurate temperature controller which we designed

and fabricated for the present work.

2.1 Photoacoustic spectrometers in general

The basic modules of a PA spectrometer are
(i) a radiation source of sufficient intensity and of the
wavelength range of interest (ii) intensity or frequency
modulator (iii) PA cell in which the sample is placed, which
also incorporates the acoustic transducer and (iv) data
processing unit. The block diagram of a basic PA spectrometer
is shown in fig.2.1. Various modifications of this funda-
mental instrumentation has been used for a wide variety of

PA experiments by different workers.

2.1.1 Radiation source

Incandescent or arc lamps and lasers are two

popular types of 1light sources currently in wuse for PA

52
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experiments. The lamp-monochromator combination can provide
continuous tunability over a wide wavelength range from the
infrared to the vacuum ultraviolet. | High pressure Xe arc
lamps, high pressure Hg lamps, tungston lamps Nerst glerrs
etc., are the commonly used incandescent sources. A major
drawback of these sources is the relatively low bandwidth
throughput product. A monochromator output power of 0.1 mW
is typical for 1 nm resolution using a high pressure Xe arc
lamp. Consequently, the lamp monochromator combination is
used with strongly absorbing samples or where low resolution
suffices. Lasers have found wide acceptance as convenient
radiation sources in PA spectroscopy owing to their highly
collimated beam of high spectral brilliance. The high peak
power available from pulsed lasers is especially attractive
for measuring very weak absorptions. One main drawback of

lasers is their limited tunability.

2.1.2 Modulation

Modulation of the incident light beam is essential
for the generation of PA signals. Either the amplitude or
fréquency of the incident beam can be modulated, amplitude
modulation being the more commonly used method. Amplitude
modulation can be achieved by one of the several methods such

as mechanical, electrical, electro-optic etc. Using a
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mechanical chopper is inexpensive, efficient and is the most
commonly used method. The depth of modulation in this case
is ~ 100%. Care should be taken, while using mechanical
chopper, to minimize the vibration noise as this may interfere
with the PA signal and cannot be filtered off even by lock-in
detection. Output of electric discharge lasers such as COZ'
CO etc., can be modulated by varying the discharge current.
Electro-optic modulation involves changing the plane of
polarization of an incoming polarized light beam in a non-
linear crystal (such as KDP or ADP) by the application of a
modulated electric field across the crystal. Frequency
modulation can be employed to eliminate the PA signals
generated due to wavelength independent absorption at the
cell window. In dye lasers, rapid frequency change can be
obtained by wusing an electro-optic tuner in place of a
birefringent filter. Frequency modulation is well suited for

narrow linewidth absorbers such as atomic and diatomic

species.

2.1.3 The photoacoustic cell

The central part of a PA spectrometer is the PA
cell, in which the sample is placed and the PA signal 1is
generated. Proper design of the cell is very important to

generate PA signal of detectable amplitude. Some of the
major criteria that one should take into account in designing

a PA cell are given below.



ii)

iii)

56

There should be good acoustic isolation of the cell from
the ambient. The cell should be designed with good
acoustic seals and with walls of sufficient thickness to
form good acoustic barriers. Precautions to isolate-the
whole PA cell from building vibrations should also be

taken.

To minimize any photoacoustic signal that may arise from
the walls and windows of the cell, one should employ
windows as transparent as possible in the wavelength
range of interest and maintain the interior of the cell
highly reflecting. Although the cell walls will absorb
some of the incident and scattered light, the resulting
PA signal will be quite weak as long as the thermal mass
of the walls is very large. One should also design the
cell so as to minimize the amount of scattered light that
can reach the microphone diaphragm. In addition, all
interior surfaces of the cell should be free from any

kind of contamination.

Since the PA signal from a solid sample varies inversely
with the volume of the gas inside the <cell [1), one
should attempt to minimize the volume of the cell.

However, care must be taken not to minimize this volume
to such a point that the signal suffers appreciable

dissipation before reaching the microphone.
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The length |' of the gas column between the sample
and window should be greater than the thermal diffusion
length p' of the gas at the lowest chopping frequency of
interest. It is this layer of gas of thickness p' at fhe
sample boundary, that acts as an acoustic piston on the rest
of the gas column, generating the PA signal [l1]. Tam [2] has
suggested the optimum gas column length to be ' = 1.8 p'.
In determining the passageway dimensions, one should take the
thermo-viscous damping into account, since this could be a
source of significant signal dissipation at the cell
boundaries. Thermo-viscous damping results in a e-€x damping

where ¢ is a damping coefficient given by [3],
i
€ = (1/av)(Me™/2 £ )* (2.1)

where d is the closest distance between the cell boundaries
in the passageway, V is the sound velocity, W is the frequency,
f, is the density of the gas, and 'Yle is an effective
viscosity which depends both on the ordinary viscosity and
the thermal conductivity of the gas. It should be noted that
whereas the thermal diffusion length which varies as 05% is
predominant at 1low frequencies, the thermoviscous damping
which varies as QJ% is predominant at high frequencies.

A cell that is designed to be used over a wide range of

frequencies should then have a minimum distance between the
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sample and window and minimum passageway dimensions, of the
order of 1 - 2 mm [4]. However, how closely one adhers to
the above criteria depends on the type of sample to be used,
its size and on the type of measurements one wisheé to

perform (low temperature, high temperature etc.).

Discussions of the operational principles of
several different types of PA cells, including resonant and
non-resonant cell operations, are given by Roseng}een [5] and
Dewey [6]. The most common cell design adopts cylindrical
symmetry in which the light beam is centered along the axis.
Resonance enhancement of the PA signal is a useful technique
to increase sensitivity of PA detection. Several types of
acoustic resonance such as longitudinal, azimuthal and radial
resonant modes are possible. PA cells with very high quality
factor have been constructed [7,8]. Of particular interest
is the Helmholtz resonator type configuration [9-11]. In
this configuration, the sample and microphone compartments
having volumes Vl and V2 are connected 5y a narrow tube of

length L and cross-sectional area 6, and the resonance

frequency is given by [12],

[(1/V)) + (1/v,) %
27T F =Y 1 2.9

r (2.2)
(L + (%) (") ?] ’

where V is the speed of sound. With this configuration,
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light scattering from the sample, sample holder and window
onto the microphone, causing spurious acoustic signals due to
absorption at microphone surface, may be reduced. Also, by
using a sufficiently long connecting tube, the sample chaﬁber
can be kept at a very high or very low temperature to perform
temperature dependent PA studies, with the microphone being
kept at room temperature [13,14]. Geometries other than
cylindrical symmetry have also been used in PA cell design.
Ioli et al. [15] directed the laser radiation transverse to a
cylindrical sample cell. This configuration allows the
excitation of a lower frequency longitudinal resonance, with
simultaneous placement of the microphone along the axis of
the PA cell, for a more efficient coupling of the acoustic

energy onto a small diaphragm microphone.

The PA cell also incorporates the acoustic trans-
ducer, wusually a microphone. Both conventional condenser
microphones with external biasing and electret microphones
with internal self-biasing provided by a charged electret

foil, are good ones in use to detect photoacoustic signal.

2.1.4 Signal processing

Since the PA signal 1is very weak, often several

orders of magnitude lower than the ambient noise, special



60

care must be taken in processing the microphone output
signal. The fact that the PA signal has the same frequency
as that of modulation enables one to take advantage of the
lock-in detection technique [16]. High signal to néise
ratios can easily be obtained using a 1lock-in amplifier.
Also, by 1lock-in detection the amplitude and phase of the
PA signal can be measured and by using a dual phase lock-in
amplifier the measurements can be made more easily especially
when both amplitude and phase vary simultaneously. In cases
where a pulsed laser 1is used as the excitation source, a

boxcar averager is used instead of a lock-in amplifier.

In spectroscopy applications one should normalize
the PA spectrum with the power spectrum of the radiation
source, since the PA signal is proportional to the intensity
of the incident beam. The power spectrum of the source can
be obtained either by using a conventional power meter or
using another reference PA cell with a saturable absorber
like carbon black as the sample. While using a reference PA
cell, part of the incident modulated beam is allowed to fall
into the reference cell using a beam splitter and the signal
from the sample cell is divided by that of the reference cell

using a ratiometer and the spectrum is directly recorded.
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2.2 The experimental set up

In order to carry out temperature dependent studies
on different samples, we have developed a photoacoustic_set
up, block diagram of which is shown in fig.2.2. Different
parts of the set up are (i) a 1000 W Xe arc lamp, (ii) a grat-
ing monochromator (iii) an electromechanical chopper (iv) a
variable temperature PA cell (v) a lock-in amplifier and

(vi) a temperature controller.

The 1light source we have used is a 1000 W high
pressure Xe arc lamp (M/s.Spectroscopy Instruments,
Model SVX 1000). It has got continuous emission from 280 to
2500 nm with high intensity in the visible region and some
intense lines between 800 and 1000 nm. The power of the lamp
can be varied between 600 and 1000 W. The intensity of the
lamp is found to be highly stable. In situations where a
single highly monochromatic source have to be used, the Xe
lamp has been replaced by a 5 mW He-Ne laser (Spectra-Physics

Model 105-1).

A grating monochromator (Oriel Model 7240) has been
used to select the wavelength of the incident radiation.
This monochromator can be used over a wide range of wave-

lengths from 190 nm to 24 pm with appropriate gratings. For
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the present work we have used a grating blazed at 500 nm.
A variable slit having adjustable width from O to 3.2 mm is
used which allows bandwidth of 0.8 to 20 nm in the visible

region.

Intensity modulation of the incident light beam is
accomplished by an electromechanical chopper (Photon Technology
International, Model OC 4000). With the two discs, chopping
frequency can be varied continuously from 4 to 4000 Hz. The
chopper also provides appropriate reference signal to the
lock-in amplifier with excellent phase stability. The

chopping frequeny is also found to be highly stable.

The PA signal detected by the microphone ‘is
processed using a single phase lock-in amplifier (Standford
Research Systems, Model SR 510). The lock-in amplifier has a
built in preamplifier providing a full scale sensitivity of
10 nVv maximum. It has an operating frequency range from
0.5 Hz to 100 KHz. Phase can be adjusted in large steps of

90° and fine steps of 0.025°.

A detailed description of the other two modules
viz., the variable temperature PA cell and the temperature

controller are given in the following sections.
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2.3 Design, fabrication and characterization of the variable

temperature PA cell

A photoacoustic cell which can be used over a wide
range of temperature has been designed and fabricated with
which measurements can be made from 85 to 450 K. Fig.2.3
shows a schematic diagram of this PA cell. The sample
compartment, made out of a brass rod, is in the form of a
cold finger, one end of which is in contact with a liquid
nitrogen reservoir and is kept inside a vacuum chamber. The
liquid nitrogen reservoir, which forms part of the endside
wall of the vacuum chamber, has a double walled construction
with the vacuum extending throughout the interior of the
walls. The sample cell having a volume of ~ 0.8 cm3 is
sealed with a window against the vacuum outside using an
'0' ring made out of Indium wire. The cell volume can be
varied by putting circular buffer metallic discs inside the
sample cell. The microphone compartment is integrated with
the other endside wall of the outer chamber and is acousti-
cally coupled to the sample cell through a thin walled
stainless steel tube of inner diameter 1.6 mm and 1length
6 cm. The PA cell configuration is thus that of an acoustic
Helmholtz resonator [9-11], which for several reasons 1is an
appropriate design for variable temperature PA cells, whether

heated [17] or cooled [13]. This configuration permits large
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1. Sample Cell

2. Microphone
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Fig.2.3: Schematic diagram of the variable temperature PA cell.
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variations 1in the sample temperature without altering the
microphone temperature appreciably. In order to avoid
convection of the gas inside the cell at low temperatures,
the microphone chamber is slightly lifted with respect to'the
sample cell and the corresponding small bend of the connecting
tube helps to compensate for thermal contraction. The
microphone housing is sealed with a rubber 'O' ring to have
good acoustic isolation. The sample temperature is detected
by a platinum resistance sensor and can be varied by the
heater wound around the cold finger. Both the temperature

sensor and heater are connected to a temperature controller.

A small size flat type electret microphone (Knowles,
Model BT 1759) is used in the PA cell to pick up the generated
acoustic signals. It has got flat frequency response in the
range 10 to 5000 Hz, and a high sensitivity of 10 mV/Pascal.
The microphone has a built-in FET buffer amplifier in order
to provide proper impedence matching. A 3 V cell to supply
bias voltage to the FET, a miniature switch and a BNC
connector to take the output are all fitted on the microphone

housing.

In order to characterize the performance of the
fabricated cell, both the modulation frequency and temperature

response of the cell have been studied using a carbon black
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sample as the standard. Fig.2.4 shows the log-log plots of
the amplitude of the PA signal against the modulation
frequency, for two different temperatures. As predicted by
the R-G theory [1], the amplitude shows a(Bl dependencé at
low frequencies away from the resonance. However, the slopes
of the straight portion of the curves are slightly different
from the theoretical value of unity. Similar observations
have been reported by Fernelius [10] and Aamodt et al. [18]
who attributed this to three dimensional heat flow in the
sample cell. The effect of resonance can be clearly seen on
both the curves. The resonance peak of the low temperature
curve is slightly shifted towards low frequencies due to the
decrease in sound velocity in air at low temperatures. The
calculated resonance frequency at room temperature is 340 Hz
and the observed peak is at 306 Hz. The difference may be
due to the ambiguity in determining the effective volumes in
the sample cell and the front region of the microphonel
Log-log plots of the phase of the PA signal as a function of
the modulation frequency is shown in fig.2.5. The phase is
more or less stable with respect to frequency in agreement
with R-G theory [1]. However, it is different from the
theoretically predicted value of -T/4 and varies slightly
with frequency. This can be attributed to the finite non-

radiative de-excitation time and various delay times
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Fig.2.4: Log-log plot of the PA signal amplitude vs chopping

frequency of carbon black sample.
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associated with the propagation of sound and the detecting
electronics. The large variation in phase at resonance is a

true characteristic of the phenomenon.

Variation of the PA signal amplitude as a function
of temperature for a thin layer of carbon black coated on an
aluminium disc is shown in fig.2.6. At the experimental
chopping frequency of 20 Hz, the carbon black 1layer is
thermally thin and hence the amplitude is governed by the
thermal properties of the backing material; here aluminium.
For such an experimental condition, the R-G theory predicts

the amplitude IPA(T) of the PA signal to vary as,

-1 -L
IPA(T) o< F(T) .C(T)?.K(T) ?* (2.3)
where C(T) and K(T) are the specific heat and thermal
conductivity of aluminium respectively. The function F(T)

takes into account all the temperature dependent properties
of the cell, and the gas that affect the PA signal. Therefore,
knowing C(T) and K(T), the curve in fig.2.6 can be used to
eliminate the function F(T) while performing temperature
dependent studies on other samples of unknown thermal
parameters. Variation of the PA phase with temperature, is

shown in fig.2.7 which again does not follow from R-G theory.
The increase in the phase difference can be attributed to the

decrease in sound velocity as the temperature decreases.
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Fig.2.6: Variation of the PA signal amplitude with

temperature.
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2.4 Design and fabrication of a PID temperature controller

Precise control of temperature over a wide range is
very important for a variety of experiments in physics and
other branches of science and technology. Though it is not
very difficult to control the temperature within a few
degrees with a simple on-off controller, obtaining a stability
of a few millidegrees is not very easy. Temperature
controllers having high precision usually employs complex
control functions as that of a proportional integral
derivative (PID) controller. Several controllers with such
complex control and high precision have been described in
literature [19-21]. Most of them are designed for operating
in a narrow temperature range which makes them unsuitable for
many experiments and unacceptable as a general purpose

controller.

In designing modern temperature controllers, very
sensitive temperature sensors, usually thermistors, are
utilized in order to achieve high precision. Thermistors
have a large fractional resistance variation per degree
variation in temperature, about 20 dB higher than that oﬁ a
platinum resistor, which makes them attractive 1in high
precision temperature control. But their stability gnd
reproducibility are poor and the large non-linearity restricts

their applicability to a small temperature range.
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In the following paragraphs we describe the design
and working of a precision temperature controller which 1is
capable of maintaining the set temperature constant within
+ 0.01°C anywhere in the range -200°C to +200°C. It empioys
a platinum resistance sensor, a better choice for wide range
applications. In spite of the low sensitivity of the sensor,
the high precision 1is achieved by employing stable and
sensitive detection .and control circuitary using low noise,
low drift operational amplifiers now easily available at
rather low cost. The sensor is an indigenous one and all the

components are available easily.

The present one is a true three mode controller
utilizing the proportional, integral and derivative functions.
The on-off type controllers have unavoidable overshoots which
is a serious drawback for systems having large thermal
transfer lag. A proportional mode of control can eliminate
the constant oscillations in temperature but its response ‘is
very sluggish and introduces a permanent offset in temper-
ature. A finite output power required to maintain the
temperature at a steady value is derived only from a finite
error and as a result the actual temperature never attains
the set value. This offset can be reduced by decreasing the

proportional band, but this makes proportional control to
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behave almost the same way as an on-off control. Another way
to solve this problem 1is to introduce a control power
proportional to the time integral of the error signél.
After the proportional control part stops its correcting
action, the integral part senses a small error (offset) which
is still persisting and continues the correcting action till
the error is reduced to zero. The sluggish response of the
proportional control <can be overcome by adding a third
control term which is proportional to the derivative of the
error signal, so that the system can follow rapid changes in
temperature. Addition of the derivative mode helps to
overcome the difficulties associated with the system having
long time lag between applying the corrective action and the
appearance of the results of that corrective action in the
measurement. The working of three mode controllers has been

discussed by several authors [23,24] previously.

2.4.1 Circuit description

A simplified description of the present controller
is possible with the help of the block diagram shown 1in
fig.2.8. The controller essentially has 9 parts shown as
different blocks in fig.2.8. The constant current source,
the platinum RTD and the instrumentation amplifier constitute
the temperature detection circuitary and direct reading of

the measured temperature is possible with the digital panel
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meter (DPM) after calibration. The error amplifier gives the
error signal which is the difference between the set
temperature and the actual temperature and it is fed to the
PID control network. The PID, consisting of the proporti&nal,
integral and derivative functions, derives the control signal
from the error signal. The square root converter modifies
the control signal before feeding to the power output stage,
which is a d.c. amplifier capable of delivering a maximum

power of 100 watts to the heater.

The schematic diagram of the controller is given in
fig.2.9. The d.c. detection technique employed makes the
circuit simple and eliminates troublesome phase adjustments
needed in a.c. techniques. Inexpensive integrated circuits
are now available with d.c. characteristics that allow
performance nearly equal to that attainable with a.c.

techniques. Operational amplifier A, which forms a stable

1
current source delivers 1 mA excitation current to the
platinum resistance sensor (PT 100; Electronics systems and
devices) and the voltage developed across it is amplified by
the instrumentation amplifier composed of the op amps A

2

and A3. This configuration of the instrumentation amplifier
has less component count and resistor matching is more easily
accomplished because of the lower resistor values. Also the

very high input impedance of the amplifier allows to take
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advantage of the four-probe detection technique. A4 is the

error amplifier which gives the difference between the
amplified sensor voltage and the set point voltage derived
from A5 as output. By adjusting the 10 turn potentiomehter
Rl the set point can be selected anywhere in the range
-200°C to +200°C with a resolution of 0.1°C. This configura-
tion has the advantage that one can directly read the set

temperature and the actual temperature through the selector

switch S, with the DPM having 3% digits. Calibration of the

1
DPM is accomplished with the op amp A6 and associated network.
Potentiometer R2 is adjusted for reading 0°C and R3 is

adjusted for any other known temperature. Due to the slight
non-linearity of the platinum sensor, an exact calibration
can be done only externally using conversion tables. The DPM
can be used to read either the temperatures or the error
signal through the selector switch S

5

Op amps A constitute the PID control network.

77210

A7 constitutes the proportional path; its gain is varied from

-20 dB to +40 dB continuously by R4. The A8—Cl circuit 1is

the integrator with integration times from 1s to 220 s which

can continuously be varied by the potentiometer R Instead

5°
of using an attenuator previous to the integrator to increase
the effective time constant [19], we use a 1large value

capacitor because the variation of the output voltage of the
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integrator with a large capacitance will be smaller for a
given leakage current. Long time constants can be obtained
only if capacitor Cl is of non-electrolytic type and the
insulation resistance in the circuit is kept high. Potenéio—
meter R6 should be adjusted so that the output of the
integrator is steady with time when its input 1is zero.
By and associated circuit form the differentiator with time
constants continuously variable from 5 ms to 5 s by
adjusting R7. Potentiometer R, should be adjusted for =zero

8

output when the input is at zero or a steady voltage.

The proportional, integral and derivative signals
are summed by AlO and 1is fed to the square root converter.
Taking the square root makes the heater power directly

proportional to the control signal. Op amp A and transistor

11

T2 form a logarithmic amplifier, transistor T3 makes the

division and A12 together with T4 forms the antilogarithmic

amplifier. The output of the square root converter can be

expressed by the relation Vo = (KVin)l/2 where K is a constant.
The value of the constant K is set as 10 by adjusting the
value of R9. This is to make the voltage levels match the
voltage of the power amplifier. The power amplifier is
composed of the op amp A13 and a discrete transistor booster
circuit including T5—T7. The voltage swing capability is

increased from 10 V to 50 V by transistors T and T and

5 6
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transistor T7 enhances the current capability. The resistance
of the heater Rh should be kept greater than 25 ohms in order
to limit the output current to 2 A and the power dissipation
of T7 to 25 W. The power amplifier can deliver 100 W to tﬁis
load if T7 has an adequate heat sink. Heavy d.c. feedback

employed in this circuit ensures high stability and prevent

ripple in the +50 V supply from appearing across the heater.

2.4.2 Fabrication of the controller

The complete circuit of the controller excluding
‘the power supply is assembled on two printed circuit boards
(PCBs) . The main board containing the detection and PID
control sections is made by photolithographic method. The
square root converter and output power section are assembled
on a general purpose PCB. Fig.2.10 shows the diagram of the
power supply which is assembled on a separate general purpose
PCB. The whole circuit is mounted in an Aluminium chasis.
The digital panel meter was supplied by Meco Instrument
Pvt.Ltd. (Type GM-035A7). Special care has been taken during
the fabrication in determining the positions of different
boards and the passage of connecting wires to avoid electrical

interferences.
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2.4.3 Performance of the controller »

The performance of the controller is ultimately
limited by any variations in the «cir¢uit that produce a
change indistinguishable from a temperature change. These
include variations in the value of the gtandard resistor of
the current source, thermal noise in the sensor and input
amplifiers and any drift in the offset voltage and common
mode rejection ratio of the error amplifier. A rough estimate
shows that the temperature error caused by all the above
reasons under ordinary conditions is very much less
than 0.0l1°C. The controller is tested with the variable
temperature photoacoustic cell at different temperatures and
found that it is capable of maintaining the temperature
stable within * 0.01°C for several hours. The set temperature
can be attained within a few seconds if the PID parameters
are correctly set. The PID parameters can be determined

according to the principles outlined in literature [22,23].

The controller is complete in every respect and can
be used as a general purpose controller with any type of
thermostats. The controller is designed with cost effective-

ness in mind. The sensor and all the components are available
indigeneously. This is an accurate, precise, 1low cost
temperature controller for the range -200°C to +200°C and is
very convenient to be used as a general purpose one for

laboratory applications.
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Chapter 3

PHOTOACOUSTIC INVESTIGATIONS ON THE HIGH T

SUPERCONDUCTOR YBa_Cu

28450

3-7

3.1 Introduction to high Tc superconductivity

Vigorous research activity has recently Dbeen
focussed on the properties of oxygen deficient Perovskite
structured ceramics which exhibit superconductivity at
remarkably high temperatures. These exotic materials have
been the subject of intense research by a large number of
scientists from a wide range of fields of basic and applied
research. Within a short period of two years, the highest
known transition temperature has raised from 23.3 K of the
transition metal alloy Nb3Ge [1,2] to nearly 125 K in
T1-Ca-Ba-Cu-0O. The ground work for this extra-ordinary
increase 1in TC was done by Bednorz and Muller in 1986 [3] who
discovered that multiphase mixtures of BaO, LaO and CuO with

nominal composition BaxLa is superconducting at

5-x°95%5 (3-y)

around 30 K. The superconducting phase was subsequently
identified as Laz_xBaxCuO4 with the highest transition
temperature occurring at x ~ 0.15 [4]. It was later found

that doping with Sr in place of Ba produced higher Tc's of

~36 K [5]. Shortly thereafter another major breakthrough

87
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was achieved when Wu et al. [6] found superconductivity above
the boiling point of liquid nitrogen in multi-phase samples

with the nominal compositions and

Yy .2B25,3CU50,4

YO.6BaO.4CUO3—x' Several groups identified the single phase

compound responsible for superconductivity as YBaZCu3O7_x
[7-9] with Tc in the 90 K range. Within a short period a
number of rare earth based copper oxide ceramics have been
synthesized with Tc in the 30 K and 90 K ranges. Super-
conductivity at temperatures above 100 K has been obtained in
Bismuth and Thallium based oxide systems Bi-Ca-Sr-Cu-0
(TC A~ 110 K) [10,11] and Tl-Ca-Ba-Cu-0 (Tc ~ 125 K) ([12]
in 1988. These systems do not contain any rare earth which

were earlier considered essential for the occurrence of

high TC.

A great deal of work has gone into characterizing
the superconducting properties of these materials and into
the search for new high Tc compounds. In spite of the
enormous amount of data taking during the 1last 3-4 vyears,
many important questions still remain unanswered. In parti-
cular, the Dbasic mechanisms that are responsible . for
superconductivity in these systems at such high temperatures
are not yet known. In the conventional superconductors the

phonons mediate Cooper pairing of electrons which is evidenced
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by isotopes effect and many other properties. The near
absence or marginality of isotope effect in these materials,
especially in Y-Ba-Cu-O (1:2:3) compound [13-15], is puzziing
both to experimentalists and theorists alike. The queétion
that is being asked is whether these are phonon mediated BCS
superconductors or not. A number of theoretical models
ranging from conventional phonon mediated coupling [16,17] to
a variety of exotic mechanisms involving plasmons [18,19],
charge transfer excitations [20], polarons and bipolarons [21]
and a new electronic ground state [22] have been put forward.
Despite all the activities a clear picture of the mechanism

of the phenomenon is yet to evolve.

All the high Tc superconducting cuprate systems
exhibit certain important common features [23-25] in their

properties. All of them possess Perovskite type structures.

They all have 1low dimensional characteristics, the two-
dimensional Cu-O sheets being common to them. The 1:2:3
compounds have, in addition, one-dimensional Cu-O chains.

They crystallize in orthorhombic or tetragonal structures with
the former being more common. The Cu-O0 bonds are highly

-]
covalent and the distances are generally in the 1.90 * 0.50 A

range. The coordination of Cu is essentially square planar.
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since these materials superconduct in directions parallel to
the copper planes, many theorists believe, this unusual
planar arrangement contributes significantly to the remarkable
electronic properties of these materials. In table 3.i a
summary of the properties of cuprate superconductors is

given.

3.2 Thermal properties of high Tc superconductors

Eventhough there has been frantic experimental
activity since the discovery of high Tc superconductors, only
relatively few measurements of the thermal properties such as
specific heat, thermal conductivity etc., of these materials
have been reported. Such measurements are of fundamental
importance in understanding many basic features of the
phenomenon. For example, specific heat measurements can
provide a direct means for verifying BCS and BCS 1like
theories. On the other hand, since heat is conducted both by
charge carriers and phonons, a measurement of the thermal
conductivity can yield information not only about the spectra
of electrons and phonons but also aboﬁt the interaction

between them.

Specific heat measurements are mainly centered

around finding solution to two problems. First, to verify
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whether at low temperatures there 1is a contribution to
specific heat that varies linearly with temperature. Experi-
mental data on high Tc superconductors indicate that in tﬁese
materials the electronic specific heat is very small and.that
existence of a linear term is not certain. Secondly, one
can check whether there is a jump in specific heat at Tc and
if it exists, to verify whether it is in agreement with the

expectations of the BCS theory.

For a conventional superconductor, BCS theory,
predicts a jump in specific heat at the transition temperature

Tc given by,

A =ocY 7T (3.1)
P C

where X is a constant and Y is the electronic heat capacity
coefficient in the normal state. The value of Y is 1.43 for
weak coupling superconductors and can be as large as 2.5 for
strong coupling superconductors. In the high Tc superconductors
the determination of ISCP is hampered due to several reasons.
First of all, since the Tc of these materials is high the
specific heat Jjump is only a few per cent of the lattice
contribution. Another difficulty 1is due to the inhomo-

geneities in the sample which tend to wash out the specific
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heat Jjump. Also, since the fraction of the superconducting
phase in the sample is not known with any degree of certainty,
it is difficult to deduce ﬁSCp for a fully superconductihg
sample from the measured jump. Finally, since the critical
field ch of these materials is very large, it is almost
impossible to drive the material to normal state by the

application of a magnetic field to determine from the low

temperature specific heat measurements.

Inderhees et al. [26] have reported measurement of
the jump in specific heat £&Cp associated with the super-
conducting transition in YBa2C3O7_b. They found that with
decreasing temperature, Cp exhibits a step like increase to a
maximum at 90 K corresponding to the completion of the
transition. The measured ZSCP is 6.2 mJ/gm and the ratio
ACp/TTC = 1.23 is close to the value of .1.43 of the weak
coupling BCS model. They did not find any critical behaviour
(a logarithmic peak in Tc) such as might be expected from a
breakdown of the Ginzburg criterion in these materials.
Nevitt et al. [27] have measured the spécific heat of a

single phase sample of YBa Cu307_b revealing a discontinuity

2

at TC. Magnetic susceptibility measurements suggest that

ACp/TTc is close to the weak coupling BCS value of 1.43.
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The data of Junod et al. [28] on the specific heat
jump in different pellets of YBa2Cu3O7_b having different
densities 1illustrate the effect of sample quality on the
nature of the specific heat Jjump. Sample which has .the
highest Meissner fraction of 70% shows the largest Jjump 1in
ZBCp/TC = 57 mJ mole_lK_z. Fossheim et al. [29] who made
high resolution specific heat measurements on single crystal
of YBCO reports a value of about 30 to 40 mJd mole—lK—z.
There have also been some reports of specific heat measure-
ments on Bi and T based superconductors [30,31]. The

behaviour of Cp is similar to that of YBCO system except that

the peaks are not as pronounced as in the YBCO system.

All the measurements indicate that a finite jump in
specific heat, though very small, is associated with the
superconducting transition in all the high TC materials.
There is however no general agreement on the magnitude of Ac
which may mainly be due to sample inhomogeneities. It is
also not clear whether there is any fluctuation contribution

to specific heat around Tc’

It has not yet been answered conclusively whether
the electron-phonon interaction produces the high transition

temperatures in these materials. In this regard thermal
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conductivity measurements are an indispensable tool. The
thermal conductivity is a particularly useful transport
coefficient in that it can probe scattering processes in both
the normal and superconducting states. Thermal conducti&ity
of superconducting materials wusually undergoes anomalous
changes at the transition point. It either decreases or
increases below Tc, depending on the nature of the heat
carriers and their interactions. There have been reports of
measurements of thermal conductivity of many of the high Tc
superconductors such as La-Sr-Cu-O0 {32}, Y-Ba-Cu-0 [33-36],
Er-Ba-Cu-0 (371, Sm-Ba-Cu-0 [38], Gd-Ba-Cu-0 [39],

Bi-Sr~Ca-Cu-0 [40,41] and Tl-Ba-Sr-Cu-0 [42].

The interpretation of thermal conductivity data on
these materials is rendered difficult due to the following

reasons:

i} The normal state electrical resistivity of these materials
is of the order of a few milliohm-cm which implies that
the phononic contribution may be the dominant mode of

heat transport.

ii) The thermal conductivity of these samples should be
anisotropic, but since most of the measurements are made

on sintered polycrystalline pellets, one actually measures
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the value averaged over all possible orientations of the
individual grains. Also the average grain size in
different pellets can be different and the grain size and
existence of pores can impose serious limitations on the

mean free path of phonons at low temperatures.

iii) Oxygen stoichiometry plays an important role on the
superconducting properties of these materials. For a
given oxygen stoichiometry, the distribution of oxygen

atoms do play an important role in defect scattering.

iv) Magnetic excitations which are 1likely to be present in
some of the superconductors can play a part in scattering

phonons and even in the transport of heat.

In spite of the complications mentioned above,
thermal conductivity measurements on high TC superconductors
have revealed a uniformity in behaviour. In all the high TC
materials the thermal conductivity shows an increase below TC
and exhibits a bump like behaviour at a temperature below Tc'
In the case of La-Sr-Cu-0O, this effect is very weak and shows
only a hint of a small upturn in the thermal conductivity
curve close to Tc [32]. This general behaviour is explained
on the basis of strong electron-phonon interaction in these

materials which causes a reduction in the phonon mean free
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path in the normal state. When the material becomes super-
conducting, the scattering of phonons by electrons are
reduced and hence the thermal conductivity increases with
decreasing temperature. Ultimately the scattering of phoﬁons
by defects, grain boundaries etc., come into play and the
conductivity starts decreasing on a further reduction of

temperature.

In order to understand the thermal properties of
the high Tc superconductors better, we have carried out
photoacoustic measurements on YBCO and Bi-Ca-Sr-Cu-0O samples.
In this chapter the details of the measurements done on YBCO

samples and the results obtained are given.

3.3 Preparation and characterization of YBaZCu3O7 samples

The ceramic oxide superconductors are all granular
superconductors prepared by sintering the component oxides at
high temperatures. Due to their multicomponent nature one
usually ends up with a multi-phase bulk containing the
required superconducting phase plus other parasitic phases
and unreacted oxides. Control of processing conditions
during synthesis is very important and has a direct impact on
the particle size, stoichiometry, intergrowth of unwanted

phases and the stability of the superconducting phase.

All these parameters eventually decide the quality of the end
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product in terms of basic characteristics like the transition
temperature (TC), critical current density (Jc) and other

properties such as Meissner effect and upper critical field;

The following procedure has been adopted for the
preparation YBaZCu3O7 samples for the present studies.

Appropriate amounts of Y203, BaCO3 and CuO (99.9%) are
thoroughly mixed and ground with an agate mortar and pestle
and the mixture is heated in an alumina crucible at 950°C for
24 hours in air. The process is repeated with intermediate
grindings and treated in a stream of pure oxygen at 900°C for
24 hours. The powder is then cooled to room temperature at a
rate of 12 C/hr. and is ground again. The powder 1is then
pressed into pellets of 10 mm diameter using a pressure of
20 MPa applied for 10 min. Finally, the pellets are heated

to 930°C for 24 hrs. in flowing oxygen and slowly cooled to

room temperature at the same cooling rate.

In order to characterize the samples electrical
resistivity and magnetic susceptibility measurements have
been carried out. Fig.3.l shows the resistivity curve
measured using four probe method. The measuring current is
kept at 10 mA. The room temperature resistivity is

3.4x10-3 ohm cm and decreases almost linearly as the
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temperature is lowered. The onset of the superconducting
transition takes place at 22 105 K and the transition 1is
complete at 93 K. 1In fig.3.2 the d.c. magnetic susceptibility
of the sample 1is plotted against temperature. The cﬁrve
clearly shows the flux expulsion (Meissner effect) associated

with the superconducting transition.

3.4 Photoacoustic measurements on YBaZCu3O7

3.4.1 Amplitude and phase measurements

The amplitude and phase of the PA signal have been
measured as a function of temperature on bulk YBa2Cu3O7
samples in the range 85-300 K. The experimental set up
described in chapter 2 has been used for these measurements.
The measurements have been carried out on two superconducting
samples {(samples I and II) and a non-superconducting sample
of the same composition. Sample II has a slightly higher
room temperature resistivity, but has almost the same TC as
that of sample I. Pellets having thickness 1 mm and diameter
10 mm have been used for the measurements. The samples are
thermally thick at the experimental chopping frequency
of 21 Hz. White light with the infrared filtered off is used

for optical excitation of the samples. Measurements have

been carried out during both heating and cooling cycles. The

results are discussed in section 3.5.
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3.4.2 Thermal diffusivity measurements

Thermal diffusivity of superconducting YBaZCu307
samples have been measured in the temperature range 85-300 K
using photoacoustic technique. This has been done by
measuring the amplitude of the PA signal as a function of the
chopping frequency. One of the parameters which determine

the amplitude of the PA signal is the thermal diffusion

length p given by,

b= [ec/TE)? (3.2)

where o is the thermal diffusivity of the sample and f is
the chopping frequency. In the thermally thick regime
(p< | where | is the thickness of the sample) the PA signal
is independent of the thermal properties of the backing
material on which the sample is mounted, whereas in the
thermally thin regime (p>1l ) the PA signal gets modified by
the thermal properties of the backing material as well.
For an appropriate sample thickness, one can obtain a cross-
over from the thermally thin regime to the thermally thick
regime by increasing the chopping fregquency. The amplitude
versus chopping frequency plot hence shows a change in slope
at the characteristic frequency fc at which the crossover
takes place. The characteristic frequency fc is related to

the thermal diffusivity of the sample as follows.
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The Rosencwaig and Gersho theory shows that the
complex expression for the pressure variations Q inside a

photoacoustic cell can be written as,
0 = qe ¥ (3.3)

where g is the amplitude of the PA signal and ¥ is the phase
shift between Q and the excitation. Eq.(3.3) can be written
as the product of two terms A and B such that A depends on

the modulation frequency £, and B is independent of £ as

given by,
2 )
B = Po Wal ‘/07 (3.4)
2 1" T Kk Joo
-1
+ - + -
_ a +d a + a4 1
and A = <l + gd+_ d") <d+ s + g> —_(6‘1)2 (3.5)
where at = e(G-l)
g~ = oD
o- = (1+i) VTTE/X (3.6)

and g, the ratio between the effusivities of the backing

material (e") and the sample (e), is given by,

g = 2 = K (3.7)
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In the above expressions, | , K and X are the thickness,
thermal conductivity and thermal diffusivity respectively.
Unprimed quantities refer to sample parameters, singly primed
quantities refer to gas parameters and doubly primed oneé to
the backing material. To and PO are the static temperature
and pressure of the gas respectively. Y is the ratio of
specific heats of the gas and \/\/a is the absorbed light. The
effusivity of the gas in the cell is neglected compared to
the effusivity of the sample. The term A depends on the
modulation frequency through the product o | which can be

written as,

oot = (1+i) VTE/E, (3.8)

where the characteristic frequency fc is defined by,

f = X /1 (3.9)

Charpentier et al. [43] have demonstrated the dependence
of A on the modulation frequency for different values of g.
When £ > fc, the variation of A is independent of O and A
decreases as f L. When f << f_  the variation of A depends

both on & and the ratio of effusivities, g. Thus it 1is

possible to determine fc by measuring the amplitude of the
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PA signal as a function of f. However, if g = 1, (same
effusivity for sample and backing) the variation of the

amplitude is the same for all frequencies and the determina-

tion of fc becomes impossible. Once fc is determihed,
thermal diffusivity can be obtained from eqg.(3.9) as,
2
X o= £l (3.10)

Pellets of YBa2Cu3O7 samples have been thinned down
to approximately 0.2 mm by hand lapping and polishing of both
faces to avoid surface effects if any. A thick aluminium
disc has been used as the backing material on which the
sample is mounted using silver epoxy to ensure good thermal
contact between the sample and the backing material. The
temperature of the sample is kept constant within = O.S;C
during measurements. Thermal diffusivity is determined at
various temperatures by measuring the amplitude of the PA

signal as a function of the chopping frequency and deter-

mining fc at each temperature.

3.5 Results and discussion

Fig.3.3 shows the measured photoacoustic phase
change relative to the room temperature value as a function

of temperature in sample I. Results are shown only in the



106

A 01 pue Y gg usamiaq

(1 s1dwes) .hOm:UNmmw ut oseyd or3snooeojoyd 8yil JO uorjeTaARA 8anjeasadusg t¢ g b1a
(M) 3¥N1IVY3IdW3L
0¢l 0Ll 00l 06
| _ 1 |
— 01
A ,
oo *.
o 0o A A - N—
(o] A
o) A ,
°o N g ° o
o — bl
o o A A A ,
(X 0 b
oo * A — 91
Co , &
. OPP
O A
371040 ONILY3H o© ot g
310AD ONINOOD a
] 31dAVYS oz

3SVHd 'Vvd

(S334930Q)



107

Lt T

M OCT pue )Y gg usamiaq

(11 eot1dues) o -np~edx utr easeyd .oﬂumsoomouosa ®4jl JO uotrieTtaea aanjeaadwuag
(M) 3¥NLVY3IdW3L

0¢l 0Ll 001 06

| _ 1 |
. —

A A A
0 A
° o oo _ A —
o A
O A
© o fo) A,
©o 4+ —
O o & 4,
o AL
o A

o o o A —

00 A

A
F10AD  ONILY3H © °©ob, —
O
I10AD ONIT00D & °%

I[I 31dAVYS

L

beg-big
Ll
o)
>
61
ao)
XI
>
e »
e
€z =
(@)
P
m
G2



108

*M 0CT pue Y gGg usamieq AHH pue T meQEmmv N.OMEUNMMN

ut epnjtidwe Srt3jsnooeojoyd ayz JO uOTIETIIEA ®anjexadwsy], :g g b1g

(M) 3I¥NLVYIdNIL
0c¢l 01l 00! 06
T [ |
320,
°e O ww .
ST * S0, . Il 31dWYS—>
i N “ ¢ e N OO
mm ®e 0,
- 'y . ®e Q
o g
m o ” o
. o 3
6¢— LI
® ®s
®e
°8
- €&——— | IIdNWVYS e
e
g °
€€ H— °e
[ ]
[
L 31040 ONILYIH e e
[ ]
3710A0 ONII00D o
LEr—

81

x4

9¢

0t

(syun 'qip) 3ANLITINY Vd



109

temperature range 80-120 K because in the higher temperature
region the phase has a smooth variation which is not of much
interest. The corresponding phase variation observed in
sample II 1is shown in fig.3.4. These figures show that
photoacoustic phase undergoes a <clear anomalous change
near Tc. A step like decrease in phase near Tc is evident in
both the samples although the change is less pronounced in
sample II. It may also be noticed that the minimum in phase
occurs at two different temperatures during cooling and
heating cycles .indicating remarkable temperature hysteresis
in phase variations. 1In fig.3.5 the temperature variation of
the amplitude of the PA signal 1is plotted in the range
80-120 K for samples I and 1II. As is evident from this
figure, the amplitude does not show any appreciable anomaly
near the superconducting transition region. The amplitude
increases as the temperature is lowered. Repeated runs lead

to the same result.

Measurements have also been carried out on a
non-superconducting sample of the same composition to check
whether it is the superconducting transition itself that
leads to the anomalous changes in phase in samples I and II.
The non-superconducting sample does not show any anomaly
either in phase or in amplitude anywhere in the

range 80-300 K.
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An interesting aspect of the above results is that
only the PA phase undergoes anomalous changes near Tc without
the amplitude showing any significant anomaly. AccordingAto
R-G theory, for an optically opaque and thermally tﬁick
sample, in which the optical absorption 1length lp is very
much less than the thermal diffusion length p, the amplitude

IPA of the PA signal varies as,

(3.11)

where Cp and K are the specific heat and thermal conductivity
of the sample respectively. Reports on measurements of
thermal conductivity [33-36] and specific heat [26,27] of
HMZCu307 show that the thermal conductivity increases below
Tc while the specific heat decreases with temperature. This
nearly opposite behaviour exhibited by K and Cp reduces their
overall effect on the PA amplitude. This, however, does not
fully explain the near absence of the contribution of thermal
conductivity on the amplitude. One possible reason is that
the assumption made earlier that the optical absorption
length lp is very much less than the thermal diffusion length
p may not strictly be valid. Optical absorption in YBaZCu3O7
is centered mainly in the green region of the spectrum

whereas in the present measurements a substantial amount of
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light falls in the other regions of the spectrum including
infrafed despite the IR filter. For these wavelengths the
optical absorption coefficients may not be large enough to
hold the above assumption true and for a sample 1in wﬁich

lP>p we have,

I o¢c C (3.12)

Eq.(3.12) does not contain thermal conductivity. Therefore,
it is reasonable to assume that the effect of thermal
conductivity on the amplitude of the PA signal will be
substantially reduced for value of lP of the order of p. The
lamp-monochromator combination 1is found to be incapable of
giving enough monochromatic light intensity to give rise to
detectable PA signal in these materials. The increase in the
signal amplitude as the temperature falls is due to the
corresponding decrease in the specific heat of the sample.
However, the small jump in specific heat as reported by other
workers [26,27] 1is not reflected in the amplitude. One
cannot expect such minute variations to be reflected in the
PA amplitude which is governed by a number of other parameters

as well.

The R-G theory does not account for the anomalous

change observed in the photoacoustic phase during the
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superconducting transition. The decrease in phase may be due
to a decrease in the excited electron relaxation time when
the material undergoes the transition. A faster relaxation
of the optically excited levels leads to a decrease in‘the
photoacoustic phase. This faster relaxation may be due to
the creation of additional electron traps when the material
changes phase. A quantitative explanation of the above
observations, we believe, would evolve along with other

experimental observations in the near future.

The nearly opposite behaviours of thermal conducti-
vity and specific heat produce pronounced variations in the
thermal diffusivity of YBaZCu3O7.

of the PA signal as a function of chopping frequency at

Fig.3.6 shows the amplitude

various temperatures. The frequency at which the slope of
the curve changes 1is the characteristic frequency fC from
which the thermal diffusivity o can be determined using the
relation X = fCLz. In fig.3.7 the thermal diffusivity of
YBaZCu3O7 is plotted as a function of temperature. As is
evident from the figure, there is a sharp increase in thermal
diffusivity below Tc associated with the superconducting
transition. Data have been recorded during cooling and

heating cycles. The points follow the same curve during both

the cycles.
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When a metal becomes superconducting, electrons
form Cooper pairs which cannot carry entropy and so do not
contribute to thermal conductivity. Unpaired electrons in a
superconductor can however transport heat but as the teméer—
ature decreases Dbelow Tc, the number of such electrons
decreases exponentially. The electronic thermal conductivity
of a superconductor therefore falls rapidly below Tc' On the
other hand since the paired electrons no longer scatter
phonons there can be an increase in phonon mean free path
below Tc which increases the phononic contribution to thermal
conductivity. The net temperature dependence of thermal
conductivity below TC will depend upon whether the electronic

or phononic contribution dominates in the superconductor.

The thermal diffusivity X can be written as,

X = k/fcg (3.13)

where K, §f and Cp are the thermal conductivity, density and
specific heat of the sample respectively. Substituting for
K, the phononic contribution to thermal conductivity Kph
given by [44,45],

K = %c PV T (3.14)
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where V is the average sound velocity and | is the phonon

mean free path, we get,
] —- .

Eq.(3.15) shows that the sudden increase in X below Tc is
the result of an increase in | which is caused by a drastic
reduction in phonon carrier scattering. As the charge carriers
begin to form superconducting pairs one can expect this
effect. This also suggests that the major contribution to

heat conduction in these materials is due to phonons.

Another feature that can be noticed in fig.3.7 is a
small anomalous decrease in X and near Tc' This, we think,
is a consequence of the jump in heat capacity at Tc [26,27].
In conclusion, the observed increase in thermal diffusivity
below Tc is an indication of the close coupling of the charge

carriers and phonon excitations in 1:2:3 superconductors.
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Chapter 4

PHOTOACOUSTIC STUDY OF THE THERMAL PROPERTIES OF THE

HIGH T SUPERCONDUCTOR Bi-Sr-Ca-Cu-O

4.1 Introduction

The discovery of high temperature superconductivity
in the two new oxide series Bi-Sr-Ca-Cu-0 (1,2] and
Tl -Ba-Ca-Cu-0 [3] with transition temperature Tc well above
100 K has been a turning point in the search for newer high
Tc oxide superconductors. The quinary nature of the Bi and
Tl based oxide superconducting systems provide an array of
phases with different compositions and superconducting
properties. This has provided a wider variety and scope for
investigating these high Tc oxides. The highest Tc obtained
in Bi-Sr-Ca-Cu-O (BSCCO) system is 110 K and that in
T1l-Ba-Ca-Cu-O (TBCCO) is 125 K, the highest known super-

conducting Tc obtained so far.

The BSCCO system has at least two important super-
conducting phases, one with TC of about 80 K (the low Tc
phase) [4] and the other of about 110 K (the high TC phase) [5].
These two phases can be expressed by the general formula

Bi.Sr.,Ca Cu O (x =2n + 4) with n = 2 and 3. The ideal
2 72 " n-1""n'x

123
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metal atom composition for the n = 2 and n = 3 phases are
2212 and 2223, respectively. However, the Sr to Ca ratio in
both the phases has some range about the ideal value and the
Tc of both phases tends to decrease with increasing. Ca
content. The <crystal structures of the two phases are
similar differing only in the number (n) of Cqu-Ca-CuO2
planes inserted between double Bi-0 layers and Tc is found to
increase with n. Considerable efforts have been made to

characterize the crystal structure and superconducting

properties of BSCCO system by many previous workers [6-13].

The Bi oxide superconductors have some interesting
features with regard to their practical applications. For
example, a phase transition does not occur below the sintering
temperature as in YBCO system, permitting better control of
the material properties. The grains have a very thin planar
shape with their surfaces parallel to the C-plane which will
facilitate grain alignment for Jc improvement. Since cleavage
of these phases occurs between the Bi-O bilayers along the
C-plane, it 1is possible to deform the pellet samples by
compaction without interrupting the high JC current axis of
the material. This suggests the possibility of the develop-
ment of a preferred grain orientation with the alignment of

the C-planes of each grain in the longitudinal direction of a
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wire or a tape during fabrication. Most of the BSCCO films
prepared by various techniques such as sputtering, evaporation
and printing have a strong preferred orientation with the

C-plane parallel to the substrate.

To make use of these favourable features of BSCCO,
it is necessary to form the high TC phase. However, it is
very difficult, if not impossible, to prepare samples with
the high TC phase only. A tail in the resistivity transition
curve usually appears due to the combined presence of the
low Tc phase and the high Tc phase. The maximum volume
fraction of high Tc phase obtained in a sample is about 40%.
There have been several efforts to 1increase the volume
fraction of the high TC phase including addition of a large
excess of Ca and Cu, high pressure oxygen treatment and long
time sintering [14-16]}. Among these efforts, partial substi-
tution of Pb for Bi is found to be very effective in enhancing
the TC and in obtaining an increased volume fraction of the

high Tc phase [17,18].

The effect of Pb doping on BSCCO superconductors
have been studied by different workers before. Melting point
of Pb doped material decreases as Pb concentration increases
[19], and the synthesis temperature decreases as the Pb

content increases [20]. Moreover, addition of Pb stabilizes
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the 110 K superconducting phase and it is best when the Pb
concentration is in the range 0.2 to 0.3 [19-21]. Addition

of Pb beyond 0.4 leads to the formation of CaPbO, which may

4
deteriorate the formation of the high Tc phase [19].
Variation of the Pb concentration however, does not influence

the value of Tc significantly.

There have been a few reports of the measurement of
thermal conductivity of BSCCO superconductors [22,23].
As has been pointed out in chapter 3, very useful information
about the superconducting mechanism can be obtained by
measuring the thermal conductivity near the transition point.
Since heat 1is conducted by both electrons and phonons,
measurement of thermal conductivity yields valuable inform-
ation about the interactions between them. Thermal
conductivity value increases or decreases below Tc depending

upon the nature of the heat carriers and their interactions.

High temperature superconductors have electrical
resistivity of the order of a milliohm-cm at room temperature
which implies that the phononic contribution may be the
dominant mode of heat transport. Most measurements of
thermal conductivity reported so far have been on sintered

polycrystalline pellets of the material. At low temperatures,
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the pores present in the pellets and the grain size may
impose serious 1limitations on the mean free path of the
phonons. All the high Tc superconductors exhibit a bumb like
increase in thermal conductivity below Tc' This behaviour is
interpreted as due to an enhancement in the phonon contri-
bution to thermal conductivity resulting from a reduction in
the electron-phonon scattering as a consequence of the
formation of Cooper pairs by electrons below Tc' However,
due to the very polycrystalline nature of the sample it is
rather difficult to interpret the thermal conductivity
variation in terms of the intrinsic electronic and phononic
contributions alone. Thermal conductivity measurements made
on single crystals of BSCCO [23] with wvarying oxygeh
configurations have demonstrated that near TC Qhe phonon-
defect scattering contribution is nearly twice as large as

the phonon-electron scattering contribution.

It would be very interesting and useful to study
the influence of Pb doping on the thermal transport properties
of BSCCO superconductor. We have measured the temperature
dependence of the thermal diffusivity of four Pb doped BSCCO
samples with varying Pb concentration, above and below TC
using photoacoustic technique. Details of the experiment and

the results obtained are discussed below.
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4.2 Sample preparation

Conventional solid-state reaction of the component
oxides in stoichiometric proportions does not yield single-
phase samples of Bi-based high Tc superconductors. The
reason for this appears to be the relatively low melting
point of 81203 as compared to the other component oxides
which leads to a loss of Bi and to intergrowth of different
phases. However, through partial substitution of Pb for Bi,
intergrowth of different phases can be suppressed. The

volume fraction of the high TC phase in a sample can be

enhanced to &y 90% by Pb doping.

Sintered polycrystalline samples of Pb doped BSCCO
have been prepared by the well established solid state
SrCO CacCoO

reaction method. Powder samples of Bi CuO

2937 3’ 3/
and PbO are mixed well in the required atomic proportions and
calcined at 800°C for about 20 hours. The calcined material
has been crushed, powdered and then made into pellets of
~10 mm diameter at a pressure of about 4 metric tons.
The pellets are then sintered at 820°C for nearly 100 hours.
All treatments are done in air and air guenching is done

after sintering.
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In Pb doped samples, the Pb atoms go into Bi sites.
The following four are the samples prepared for the present
investigations. They have the general formula Bi2 1ex

PberZCaZCu3O.

Sample I : B11.9Pb0.25r2ca2cu3o

Sample II : Bll.sto.3Sr2Ca2Cu3O

Sample III : B11.7Pbo'4Sr2Ca2Cu3O

Sample IV : B11.6Pbo.55r2Ca2Cu3O

Superconductivity property of these samples have
been verified by making electrical resistivity measurements.
It is found that all these samples undergo superconducting

transition at &~ 110 K.

4.3 Thermal diffusivity measurement

Thermal diffusivity measurements are carried out as
described in the previous chapter. The method involves
measurement of the amplitude of the PA signal as a function
of the chopping frequency for a thin sample mounted on a
suitable backing material. A log-log plot of the amplitude

against chopping frequency shows a distinct change in slope
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at the characteristic frequency fc above which the signal is
independent of the thermal properties of the backing material.
Thermal diffusivity X can be obtained using the relation

oL = fclz, where | 1is the thickness of the sample.

Pellets of BSCCO samples have been thinned down to
~0.08 mm and mounted on a thick polished aluminium disc
which acts as the backing material, using silver epoxy to
ensure good thermal contact. The temperature of the sample

is kept constant within * 0.5°C during the measurements.

4.4 Results and discussion

Figures 4.1 to 4.4 show 1log-log plots of the
amplitude of the PA signal measured as a function of the
chopping frequency at various temperatures for samplesI to IV.
The change in slope at the characteristic frequency Tc
can clearly be seen in the figures. In fig.4.5(a) and (b)
we have plotted the temperature variation of the thermal
diffusivity of the four samples between 90 K and room
temperature. Since the magnitude of & for sample IV below
Tc is much lower compared to other samples, a different scale
has been used for it. We have also plotted the dependence

of thermal diffusivity on Pb concentration (x) at room



131

1000
98 K
500_101K
110K
120K .
150K
200
>
a
- 300K
w 100 |-
[a]
D
-
3 \\\\\
3
< 50
«
a
20
0 1 | [ R B B B B A
10 20 30 40 50 100 150

FREQUENCY (Hz)
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temperature, at 120 K (above Tc) and at 105 K (below Tc).
These curves are shown in figs. 4.6(a), (b) and 4.7 respect-
ively. It may be noted from fig. 4.7 that thermal diffusivity
has a tendency to saturate below a Pb concentration of:¥.0.3
below Tc. Such a tendency is not there for temperatures

above T .
c

We have measured the density of all the samples and
calculated the thermal conductivity from thermal diffusivity
data taking specific heat values from literature [24]. It is
found that around Tc the temperature variation of the thermal
conductivity follows the corresponding Kthermal diffusivity
curve. This is due to the fact that change in specific heat
near TC is very small and variation in thermal conductivity
overshadows the corresponding specific heat variation. So an
explanation for the observed thermal diffusivity variation
near TC can very well be extended to the corresponding

thermal conductivity variation.

It can clearly be seen from figs. 4.5(a) and (b)
that the thermal diffusivity suddenly increases just below Tc'
This is similar to the behaviour shown by all high TC
superconductors, in thermal conductivity measurements. This

has been attributed to the condensation of free electrons to
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form Cooper pairs below Tc’ The electrons which are condensed
inte pairs do not carry entropy and therefore cannot act as
heat carriers. Moreover, the Cooper pairs so formed no
longer scatter phonons so that electron-phonon scattering
decreases giving rise to an increased phonon mean free path
and a corresponding enhancement in the phononic part of
thermal diffusivity. These observations also indicate that
thermal transport in the superconducting phase 1is 1limited
primarily by phonon-defect scattering. Obviously these
arguments have their limitations owing to the fact that a
quantitative deconvolution of thermal transport into its
intrinsic electronic and phononic contributions is difficult
due to the complexity of the polycrystalline system. The
phonon-phonon umklapp processes can safely be ignored in our
discussions as they are overshadowed by scattering from
defects and electrons. Temperature dependence of the thermal
conductivity measured in oxygen deficient samples of
Bi-Ca-Sr-Cu-0 also imbly that it is determined primarily by

phonon-defect scattering.

The role played by defect scattering in electrical
conductivity, Hall coefficient and thermopower in Bi-Sr-Ca~Cu-O
samples has been emphasized by previous workers [25,26] based

on such measurements made on samples of varying oxygen
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configuration. Our Pb doped polycrystalline samples in the
normal state show the expected variation in thermal diffusivity
at all temperatures above TC, viz., an increase in thermal
diffusivity as Pb concentration decreases. Figures 4.6(a)
and (b) indicate that phonon-defect scattering plays an
important role in determining thermal transport. As Pb
concentration increases, the phonon mean free path decreases

causing a corresponding decrease in thermal diffusivity.

Comparison of fig. 4.7 with figs. 4.6(a) and (b)
makes it <clear that the observed dependence of thermal
diffusivity on Pb concentration is not due to change in
sample density due to Pb doping. So the observed variation
of thermal diffusivity is primarily due to the corresponding

variation in thermal conductivity.

We .consider that the most important result of this
chapter is contained in fig. 4.7 where we have plotted the
thermal diffusivity against Pb concentration at a temperature
below Tc' We find that diffusivity tends to saturate below a
Pb concentration of & 0.3. A qualitative explanation for

this observation can be made in the following way.

Below Tc' the electrons in the system form Cooper

pairs. When Pb atoms are added to the system to stabilize
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the superconducting phase, they go into Bi sites and the free
electrons contributed by Pb atoms also take part in pair
formation. The Cooper pairs do not act as heat carriers and
they do not contribute to thermal resistance by electfon—
phonon scattering. The small number of remaining normal
carriers in the superconducting phase may contribute to
1imiting the phonon mean free path. These uncondensed
carriers may participate 1in heat transport in the super-
conducting phase. But major contribution to thermal
resistance is due to phonon-defect scattering below Tc'
Low Pb concentration does not enhance this phonon-defect
scattering considerably. But as Pb concentration increases,
phonon-defect scattering begins to dominate resulting in a
reduction in phonon mean free path and a corresponding
decrease in thermal diffusivity. This 1is evident from
fig. 4.7. A behaviour 1like this will not be seen in a
corresponding electrical conductivity curve because electrical
resistance is zero irrespective of the addition of Pb at this

temperature.

A comparison between the curves in figs. 4.6 and
4.7 would be interesting. In fig. 4.6 the thermal transport
is due to thermal energy carried by both phonons and free

electrons. The phonon contribution obviously is limited by

electron-phonon and phonon-defect scattering. In fig. 4.7
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the free electron contribution is absent. For Pb concentr-
ations above 0.3, one finds that this region of the curve has
much higher slope in fig. 4.7 than in fig. 4.6. This
difference is due to the fact that heat transport due to free

electrons is considerably less in the superconducting phase.

In summary, we have undertaken photoacoustic
investigation of the variation of thermal diffusivity with
lead concentration in 'the Pb doped superconductor
Bi-Sr-Ca-Cu-0 above and below TC. The results bring out the
influence of phonon-defect scattering on heat transport 1in

the superconducting phase.
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Chapter 5

PHOTOACOUSTIC INVESTIGATION OF THE PHASE

TRANSITIONS IN KNO, AND TGS

5.1 Introduction

The existence of three polymorphic phases in
Potassium Nitrate (KNOB) has been well established by a
variety of methods [1-6]. In the bulk form, KNO,, has
aragonite structure [7] at room temperature (Phase II) and is
rhombohedral [8] above & 130°C (Phase 1I). On cooling,
phase I does not go back directly to phase II, but changes
first into an intermediate phase (Phase III) at about 120°C
and then transforms to phase II at a lower temperature around
l10°C. Phase III is also rhombohedral but is of 1lower
symmetry than phase I and is ferroelectric [9]. The transit-
ion temperatures depend fairly upon the nature and history of
the sample, the heating and cooling rates etc. [2,4].
Balkanski et al. [10} have reported that the intermediate
phase appears only when the crystal is heated initially to
about 180°C. It is known that by the application of a high
pressure the phase III is realized also on heating and the
temperature range corresponding to phase III on cooling 1is

broadened [4,11].
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In bulk materials, phase III is evidently metastable
with respect to phase II over the short temperature range
where it is observed. Depending on many factors it transforms
more or less readily to phase II at lower temperatufes.
Contrary to this, in the thin film form of the sample, the
ferroelectric phase exists over a wider range of temperatures
down to ~ 0°C [12]. Recent reports [13] have indicated that
ferroelectric KNO3 films offer one of the most promising raw
materials for fabricating non-volatile ferroelectric random
access memory devices. Such films have address voltages
between 2 and 6V, depending upon the thickness, and switching
times as fast as 20 ns. [14]. Though these results are
highly promising from the application point of view, many of
the physical properties of the material are not yet well
understood and many questions still remain to be answered.
For example, it is not yet clear, despite several proposed
models, why the temperature range over which phase III exists
in the thin film sample is much wider than that in the bulk
form. Equally important 1is the question whether the thin
film ferroelectric phase is really stable or is only a
metastable one. The use of the material for device applica-
tions crucially depends on the stability of the ferroelectric

phase in the thin film form of the material.
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For a better understanding of the nature of the
different phases of KNO3, we have carried out investigations
on the different phase transitions 1in the sample wusing
photoacoustic and calorimetric techniques. We studied. the
behaviour of a polycrystalline powder sample which has
neither the bulk form nor the thin film form. The usefulness
of the relatively new PA technique for the investigation of
phase transitions also become evident from the results
obtained. Differential scanning calorimetric investigations
have also been carried out to suppliment the PA measurements.
In order to re-establish the usefulness of the PA technique
for the investigation of phase transitions, we have also
carried out PA measurements on a Triglycine Sulphate (TGS)
sample which has a well known ferroelectric phase transition
at R 48°C. Details of the experiments,; results obtained and

a discussion of the results are given below.

5.2 Experimental method

Since KNO3 is a very weak absorber of light, it is

very difficult to obtain measurable PA signals from pure
samples. This difficulty is overcome by mixing the sample
grains with fine particles of carbon black. In such a case
the carbon particles act as the sample and KNO as the

3

backing material. At the experimental chopping frequency of
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17 Hz the fine carbon particles will be thermally thin and
therefore the PA signal will be governed essentially by the

thermal properties of the backing material.

The experimental set up 1is the same as the one
described in chapter 2. White 1light from a high power
Xe lamp with the infrared portion filtered off using a water
jacket is used for optical excitation of the sample. A few
milligrams of the sample taken in a small aluminium pan is
placed inside the PA cell, which is then sealed with a window
using a silicon 'O' ring which is capable of withstanding
high temperatures upto 200°C. Measurements on TGS are
carried out under identical conditions. Amplitude of the PA
signal is measured as a function of temperature both during
heating and cooling cycles at a rate of 2°C/min. Differential
scanning calorimetric data have been taken on the sample at a
scanning rate of 10°C/min. during heating and cooling cycles
using a Perkin-Elmer delta series differential scanning

calorimeter model DSC-7.

5.3 Results and discussion

Fig.5.1 shows the amplitude of the PA signal
plotted against temperature during both heating and cooling

cycles for the polycrystalline KNO, sample. In the heating

3
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curve the minimum at 52 126°C clearly indicates the transition
from phase II to I (II-— I) and in the cooling curve the
minimum at A& 119°C indicates the transition I—> III.
During cocling no other anomaly has been noted down to room
temperature. Data during the cooling cycle are taken with
and without preheating of the sample to ~ 190°C and no
difference is observed in the results between the two cases.
The transition I— 1II1 takes place in both cases which is
contradictory to the behaviour in the bulk form as reported

by Balkanski et al. [10].

Fig.5.2 shows the DSC curves for the above transi-
tions. There is a good <correspondence between the PA
amplitude and DSC curves and none of them show any indication
of the phase III— II transition, down to room temperature.
It may also be noticed that the anomaly in the PA amplitude
variation in the cooling curve indicating the I— III
transition is much more diminished than the anomaly of the
heating curve which indicates the II—= I transition. Corres-
pondingly, the area under the peak of the DSC cooling curve
is also much smaller than that of the heating curve. The
transition temperatures obtained from the PA measurements are
slightly lower than those obtained from DSC measurements.

This may be due to the possible heating of the sample due to
optical illumination, the temperature sensor detects the

average temperature of the sample cell.
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using Perkin-Elmer DSC-7.

Scanning rate

3
10°C/min.



154

The theory of Rosencwaig and Gersho [15] predicts
the influence of the parameters which determine the thermal
properties of the sample on the amplitude of the PA signél.
According to the R-G theory in the case of an opticélly
opaque and thermally thin sample, the amplitude of the PA
signal is affected not by the thermal properties of the
sample but by those of its backing material. In our experi-
ments the fine particles of carbon black are thermally thin
at the experimental chopping frequency of 17 Hz so that the
amplitude Q(T) of the PA signal at temperature T can be

written as (eq.l1.27)

p(T)
K(T)

Q(T) o< g(T) (5.1)

where g(T) stands for all the temperature dependent para-
meters of the PA cell and the coupling gas which affect
the PA signal and p(T) and K(T) are the thermal diffusion

length and thermal conductivity of the backing material

(the KNO3 sample in this <case) respectively. p(T) is
defined as,
L
pry = (X35 (5.2)
et

where OC(T) is the thermal diffusivity and f is the chopping

frequency. ¢ (T) is given by,
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X (T) = (5.3)

where §f and C(T) are the mass density and specific heat

respectively. Thus eq. (5.1) can be modified as,

[

Q(T) o< g(T) C(T)

-

K(T) (5.4)

Equation (5.4) assumes that the density of the sample does
not vary with temperature in the range of the experiment.
The function g(T) can be obtained using a sample of known
thermal properties (for example aluminium) and it is found to

be inversely proportional to temperature in the range of the

present experiments. Then with g(T) o< T_l eq. (5.4) can be
written as,
-2 -2
C(T) R(T) o< Q (1) T (5.5)

-

Fig.5.3 shows a plot of Q “(T) ™% as a function of temper-
ature which gives relative values of C(T) K(T) from eqg. (5.5).
The anomaly in the signal amplitude at the transition
temperatures is mainly due to the corresponding specific heat
variations during the transitions. Assuming that the thermal
conductivity of the sample does not vary . significantly over

the temperature range of interest, the curves in £fig.5.3



*@anjeasadwsl buisesadsp (g) pue sanjeasdus)y

butsesaoutr (e) yztm ‘srdues mozx o3 NlB Aavmlo Jo ®duspuadep sanzeasdusg g6 b1g

(J3,) 3HN1IVH3dW3L

GEl o€l Szl 0zl Gl
i T T €S
. AN
: (e) 5% 3
Pt
~ND
)
e A
- .
C
3,
(q) N
— 6'G
1'9




180 100

160 |-
> ~
I —_— -
- 3
g -175 -

-

= <
E 140 | O
- ~
S a
z O
< <
a

120

— 50
| | | I |
25 30 35 40 45 50 55
TEMPERATURE ()

Fig.5.4: Temperature dependence of the PA signal

amplitude in TGS sample around the transition
temperature. Variation of the specific heat
in TGS obtained from literature is also shown

in the figure.
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nearly follow the corresponding specific heat variation of
the sample. Unfortunately no data on the temperature
variation of the thermal conductivity of KNO3 are availilable

for a quantitative comparison.

We have carried out PA measurements on a TGS sample
which has a para-ferroelectric phase transition at =~ 48°C.
The TGS sample is also powdered and mixed with carbon black
to increase the signal strength. Fig.5.4 shows a plot of the
PA émplitude as a function of temperature for the TGS sample.
The specific heat curve obtained from literature [16] is also
given in the figure for comparison. As is evident from the
figure, the variation of the PA signal amplitude has a good
correspondence with the specific heat variation. This also
proves our assumption that the carbon black particles are

thermally thin at the chopping frequency of 17 Hz is valid.

Two observations are significantly important in the
results on KNO3 presented above. First, we see that the
ferroelectric phase (Phase III) exists over a wide temperature
range in a polycrystalline sample contrary to the behaviour
exhibited by the bulk form where it exists only over a few
degrees (~ 120°C to ~ 110°C). Existence of phase III down to
room temperature has been observed earlier in thin film

samples as well and several mechanisms have been proposed for
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the stability of phase III in thin film samples. Based on
Bridgman's phase diagrams [l17] which show that hydrostatic
pressure considerably enhances the temperature range over
which phase III exists, it has been suggested [12,18] fhat
hydrostatic or uniaxial stress, induced by differential
contraction of the film and substrate upon cooling after
deposition, might be the reason for the stability of phase III.
Scott et al. [19,20] on the other hand have suggested, based
on Raman spectroscopic data, that the actual mechanism for
the stability of phase III is the presence of large surface
electric fields in the ferroelectric state. It may be noted
that such models have been formulated exclusively for thin
film samples and as such are not applicable to polycrystalline
samples. However, the basic mechanism for the observed
behaviour of phase III is expected to be the same for both

the forms of the sample.

The second important observation is the difference
in the heats of transition associated with the II — I and
I —> III transitions given by 63.39 J grm-'1 and -32.68 J grm"l
respectively, obtained from the DSC measurements. This
clearly suggests that the reentrant phase III has a larger
free energy than phase II and that phase III is a metastable

state with respect to phase II. The final transformation to

the stable phase II may be through ageing process. One of
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the reasons for the fatigue [21] observed in thin films
(the decrease in apparent spontaneous polarization) after a
number of polarization reversals may also be due to such a
transformation. The above two observations indicate Ehat
thermodynamically phase III in KNO3 is a metastable state.

Our experiments show that the photoacoustic
technique is a powerful analytical method for the investi-
gation of the features of phase transitions in solids. The
anomalous changes in the signal amplitudes are attributed

mainly to the corresponding specific heat anomalies associated

with the transitions. Measurement of the PA amplitude
variations during the transitions in KNO3 enables us to draw
conclusions regarding the stability of phase III. The

possibility of phase III being a metastable state arises
serious doubts about the possible use of KNO3 films in
ferroelectric memory devices. In conclusion, we feel from
our results further work 1is necessary for a better under-
standing of the nature and stability of the ferroelectric

phase in KNO, before considering it as a material for ferro-

3

electric memory devices.

OQur results on TGS 1indicate that photoacoustic

technique is a useful tool to investigate features of phase
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transitions in solid samples. Since extensive work has
already been done on TGS using other techniques, not much
emphasis has been put to analyse the results obtained from

PA measurements.
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Chapter 6

PHOTOACOUSTIC INVESTIGATION OF THE PARA-FERROELECTRIC

PHASE TRANSITION IN PHOTOFERROELECTRIC SbS1I

6.1 Introduction to photoferroelectric phenomena

Most of the structural phase transitions in solids,
particularly ferroelectric phase transitions are associated
with instability in one or more of the vibrational modes of
the lattice. While the behaviour of the electronic spectrum
and the electron-phonon interaction have practically been
ignored until recently, a large body of éxperimental data has
been accumulated on the effect of electrons, particularly
that of nonequilibrium electrons, on ferroelectric phase
transitions and the properties of the ferroelectrics well
below the Curie point. Phase transitions due to such
electrons are described as photostimulated in literature and
the phenomena associated with the effect of nonequilibrium
electrons on the ferroelectric properties, as
photoferroelectric phenomena [1-4]. While photostimulated
phase transitions <can occur in all semiconductors that
undergo phase transitions, such investigations on
photoferroelectrics have the advantage that they permit

photoferroelectric phenomena to be correlated with the basic
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phenomenological parameters of ferroelectrics such as the
Curie-Weiss constant, spontaneous polarization, heat capacity

discontinuity and other independently measured parameters.

The existence of photostimulated phase transitions
in solids, particularly in ferroelectrics, is of fundamental
interest. When considering the mechanism of phase
transitions in a crystal, the contribution that the electron
subsystem makes to the total free energy of the crystal is
usually neglected and thus it 1is assumed that the phase
transition is not associated with the electron excitation in
the crystal. This is because the importance of the
contribution of the electrons to the free energy |is
determined by the ratio of the electronic heat capacity C;ﬂ
to the 1lattice heat capacity Cl. Above the Debye

)

temperature, this ratio can be written as,

el
C kT
A e — << 1 (6.1)
c! "

where, for a metal as well as a semiconductor, the Fermi

energy EF is of the order of several eV and kT a2 0.025 eV at

room temperature. Hence, for both metals and semiconductors,
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the contribution of free electrons to the free energy of the
crystal can be neglected above the Debye temperature and it
appears that the contribution of electrons can become

appreciable only near T = 0, where C£ tends to zero as T .

However, the contribution of the electron subsystem
to the free energy of the crystal can be substantial near the
phase transition temperature, in addition to being
significant at temperatures close to absolute =zero. This
comes about because the electrons may make an appreciable
contribution, not to the heat capacity itself, but to its
anomalous part which arises during the phase transition.
This conclusion was first suggested by Fridkin [5] for
ferroelectric phase transitions within the framework of the
phenomenological theory of Landau, Ginsburg and Devonshire.
Further developments in this direction have been made by
Pasynkov [6,7] and the effect of electron excitation on phase
transitions of a different nature has subsequently been

studied.

The effect of optical illumination and the
subsequent generation of nonequilibrium carriers on a
ferroelectric semiconductor brings out a wide variety of

phenomena. These include photo-induced shift in Curie point,
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photorefraction, photodeformation effect, photodomain effect,
photo-switching, anomalous photovoltaic effect etc,
Photoferroelectric phenomena 1is hence of great importance
from both scientific and technological viewpoints. .One

important photoferroelectric phenomena 1is the effect of

nonequilibrium conductivity on the birefringence of
ferroelectric and electro-optical crystals--the
photorefractive effect [8,9]. This property has been made

use of in three dimensional phase holography, where some of
these materials compete with silver halides in sensitivity
and resolution. Investigations on the photorefractive effect
led to the discovery of a new mechanism of charge transfer in
ferroelectrics, the anomalous photovoltaic effect [10,11]. A
homogeneous photoferroelectric crystal might well be a

possible solar energy converter.

The investigation of the intrinsic optical absorpt-
ion of ferroelectrics 1is of significant interest. One can
determine, from measurement of the intrinsic absorption edge,
the anomalies in the width of the forbidden energy band at
first and second order phase transitions. These anomalies
are directly related to the anomalies of heat capacity and
can be obtained from the thermodynamic theory of ferroelectric

phase transition [12]. In the case of a ferroelectric
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semiconductor, the free energy per electron-hole pair can be

taken as the energy gap Eg [13]}, which can then be written in

powers of the spontaneous polarization P as,

.« . . (6.2)

where Ego is the energy gap in the paraelectric phase and
a, b, ¢ etc., are constants. Thus the discontinuity in a
first order phase transition is approximately given by,

2 a

a —~ _a
AEg ~ EPO = 7 c.As (6.3)

where PO is the equilibrium spontaneous polarization, C is
the Curie-Weiss constant and A S is the discontinuity in
entropy. In a second order phase transition, AE = 0, but
there is a discontinuity in the derivatives of the energy gap
( aEg/ 8T)P and ((bEg/(gp)T_ Keyes [14] developed these

thermodynamic ideas and derived the general relation,

ST v (6.4)

The energy gap anomaly in ferroelectric phase transition is

a consequence of this. It also follows that there is such a
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discontinuity in the energy gap or its derivatives in non-
ferroelectric transitions. The anomaly of the energy gap is
also of practical interest for identifying certain phase
transitions where there is difficulty in measuring the Heat
of transition and heat capacity, and also in several cases
where there is difficulty in measuring the dielectric

anomalies because of the ambiguity of their nature.

We have carried out investigations on the temper-
ature dependence of the optical energy gap of a representative
photoferroelectric crystal antimony sulfoiodide (SbSI) using
photoacoustic technique. The temperature coefficient of the
energy gap { bEg/ aT)P is found to undergo a distinct change
at the ferroelectric transition point. Details of the
experiments, the results obtained and a discussion of the

results are outlined in the following sections.

6.2 Photoacoustic determination of the temperature variation

of the optical energy gap of SbSI

Antimony sulfoiodide (SbsS1I) and some of its
. . . V_VI VII
isomorphic analogs belonging to the general formula A'B "C '
where A is a group V atom such as Sb, Bi etc., B is a group VI

atom such as S, Se etc., and C is a group VII atom such as

Br, I etc., exhibit a number of interesting optical and
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electronic properties and has been the subject of very
extensive studies during the last few vyears [15]. SbsS1
undergoes a ferroelectric phase transition of the displacive
type at TC ~y 20°C. Structural investigations have established

that SbSI crystals are rhombic and belong to the class mmm

16 9
(space group D2h) above TC and to the class mm (sz) below Tc
[16,17]. It is a semiconducting ferroelectric with a
relatively small energy gap (~ 2 eV) compared to other

ferroelectrics and exhibits highly temperature dependent band
gap, anomalous electro-optic and photomechanical properties

in addition to being one of the strongest piezoelectric

materials.

Crystalline samples of SbSI have been prepared from
a melt of Sb283 and SbI3 by the Bridgman technique. The
samples obtained are in the form of thin needles oriented
along the ferroelectric c-axis. The PA spectrometer already
described in chapter 2 has been used for the measurements.
A few milligrams of the sample is found to be enough to get
measurable PA signal amplitude for the present investigations.
The optical absorption spectra is obtained by measuring the
amplitude of the PA signal as a function of incident wave-

length for a fixed chopping frequency of 30 Hz. A high power

Xe lamp in conjunction with a grating monochromator provides



171

the necessary monochromatic radiation as described in
chapter 2. In order to avoid the effect of the spectral
power density variations of the light source, the PA amplitude
is normalized by dividing it by the signal from a cafbon
black sample at the corresponding wavelengths. The temper-
ature of the sample is kept constant within + 0.05°C using

the temperature controller described in chapter 2.

6.3 Results and discussion

Typical absorption spectra obtained from SbSI
sample at various temperatures obtained from PA measurements
with unpolarized incident beam is shown in figs.6.1 and 6.2.
The sudden decrease in absorption beyond ~ 600 nm is due to
the optical energy gap of the material lying in this range.
The energy gap (Eg) values at each temperature are determined
as that photon energy at which the onset of the decrease in
the PA signal amplitude takes place. The values of the
energy gap at various temperatures is tabulated in Table 6.1.
Fig.6.3 shows the variation of the energy gap with temperature
which shows a distinct change in slope at TC A 20°cC. The
temperature coefficient of the energy gap in the paraelectric

and ferroelectric phases have been determined and are,
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Temperature (°C) Energy gap (eV)

-1 2.125
5 2.107
10 2.092
15 2.089
20 2.081
25 2.080
30 2.070
35 2.073
40 2.066
45 2.066

Table 6.1: Energy gap of SbSI at different

temperatures.
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E
( 2T9)PE - 7 x 107% ev 71
oE _ -
(aTg)FE - ~13.8 x 10°% ev k1t

These values are in good agreement with the values reported
earlier [18] for 1light polarization perpendicular to the
ferroelectric c-axis. This is expected because the absorption
coefficient determined for wunpolarized light will be the
smaller one which in this case corresponds to perpendicular

polarization.

The change in the temperature shift of the energy
gap at the phase transition temperature is a consequence of
spontaneous polarization, while the exact mechanism may
involve a number of related microscopic phenomena. Generally,
the temperature shift of the energy gap 1is related to
(i) change in the electron-phonon interaction and (ii) lattice

expansion as given by,

Q
ta
Q

E E
ofg, (229,

) = ( - X
ST Vv Sp op T

(6.5)

Q
!
!

where the first term on the right hand side of the equation
stands for contribution from (i) and the second term

represents contribution from (ii), & and % being coefficient
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of volume thermal expansion and compressibility of the

material respectively. Approximate calculation of the second

term in eq.(6.5) for the paraelectric and ferroelectric
phases gives the values 0.4 x lO-4 and -12 x lO—4 eV/K
respectively [18]. It can be seen that in the paraelectric

phase, the effect of the second term is negligible and the
energy gap shift is predominantly due to electron-phonon
interaction. However, in the ferroelectric phase the second
term 1is s;gnificant and one should take into account the

influence of the lattice expansion on the energy gap.

Thermal expansion of the lattice is caused by the
anharmonicity of lattice vibrations. In the paraelectric
phase, this is the dominant mechanism which determines the
contribution of 1lattice elongation to the energy gap shift.
In the ferroelectric phase the thermal expansion is greatly
modified by the spontaneous polarization through its coupling
to the spontaneous strain [19]. The strong piezoelectric
effect observed in this material can also be regarded as a
manifestation of this strain-polarization coupling. The
temperature dependence of the spontaneous polarization and
its coupling to the spontaneous strain are the major factors
which govern the 1lattice elongation and the corresponding
contribution to the energy gap shift in the ferroelectric

phase.
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In conclusion, we have successfully used the
photoacoustic technique for the investigation of the
absorption edge in SbSI and its temperature variation. The
observations and the results obtained are in good agreeﬁent

E
with previous reports. The increase 1in (QEQ) in the ferro-

electric phase is attributed to the lattice elongation caused

by spontaneous polarization.
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Chapter 7

SUMMARY AND CONCLUSION

The work presented in this thesis 1is centred
around the relatively new photoacoustic technique and
its application for the investigation of phase transitions
and related phenomena in solids. The PA technique is
based on the detection of an acoustic signal generated
when a sample placed inside an enclosed cell containing
a gas 1is irradiated by an intensity modulated beam of
light. The PA signal detected by a sensitive microphone
depends, among others, on the optical and thermal pro-
perties of the sample. Applications of PA effect cover
a wide range of phenomena involving optical and thermal

properties of materials.

The basic modules of the PA spectrometer which
has been set up for the present investigations are a high
power Xe lamp, a monochromator, an electromechanical light
beam chopper, a variable temperature PA cell and a lock-in
amplifier. A wide temperature range PA cell has been

designed and fabricated with which measurement can be
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done from 85 to 450 K. The cell incorporates a sensitive
electret microphone for detecting the acoustic signal.
Characterization of the cell has been done o;er the entire
temperature range and over the frequency range of intereét.
An accurate temperature controller has also been designed
and fabricated in order to perform the temperature depend-
ent studies. It is a proportional, integral, derivative
(PID) type controller which can be used for both measure-
ment and control of temperature over a wide range from

-200°C to +200°C with a control stability better than

+0.01°C.

The normal to superconducting transition of
the high TC superconductor _YBa2Cu3O7 is studied using
PA technique. The amplitude and phase of the PA signal
is measured over a temperature range of 85-300 K, on
pelletized samples prepared by solid state reaction method.
The amplitude-temperature plot does not show any signi-
ficant anomaly over the entire temperature range, while
the phase is found to undergo a clear anomalous change
in the vicinity of the superconducting transition. The
amplitude behaviour manifests the absence of any large

specific heat anomaly in the material during the super-

conducting transition. At the same time, the nearly



183

opposite behaviour of the specific heat and thermal

conductivity below TC cancel out each other their effect
on the PA amplitude. The anomalous decrease in PA phase
is considered to be due to a faster relaxation of the
optically excited 1levels during the transition. This
faster relaxation may be due to the creation of additional

electron traps when the material changes phase.

The second phase of measurements on YBa2Cu3O7
involves determination of the absolute value of the thermal
diffusivity as a function of temperature using PA
technique. For this, the amplitude of the PA signal is
measured as a function of the chopping frequency for a
sample of appropriate thickness, | , mounted on an aluminium
disc. The characteristic frequency fC above which the PA
signal 1is independent of the thermal properties of the
backing material, 1is determined from the amplitude-
frequency plot and thermal diffusivity o« is calculated
using the relation X = fclz. Thermal diffusivity is
determined at various temperatures above and below TC
and is found to undergo a sharp increase below Tc' The
sudden increase 1in below TC is explained as due to a

drastic reduction in phonon-carrier scattering as the

carriers start to form superconducting pairs below Tc'
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The electronic <contribution to thermal conductivity

decreases below TC while that due to phonons increases.
The overall increase in thermal conductivity indicates
the dominance of the phonon contribution in this material
in the normal state. The relatively 1large value of the
normal state electrical resistivity also supports this
view. The abrupt increase in thermal diffusion below
Tc is also an indication of the close coupling of phonons
and charge carriers in these systems. Thermal diffusivity
of superconducting Bi-(Pb)-Sr-Ca-Cu-O0 has also been

measured as a function of temperature which shows similar
behaviour as described above. Measurements have been
carried out on samples with varying Pb doping concentration
in order to study the effect of Pb doping on thermal diffu-
sivity. It is found that above TC the thermal diffusivity
increases as the Pb concentration decreases, while below
TC it tends to saturate below a particular Pb concentra-
tion. This behaviour suggests that the phonon-defect
scattering plays a dominant role in the thermal transport

processes of the material.

The successive phase transitions in potassium

nitrate (KNO3) have been investigated using PA technique.



185

Measurements have been carried out on polycrystalline
powdered samples mixed with fine particles of carbon black
to enhance the optical absorption. During heating, - the
amplitude of the PA signal measured as a function of

temperature clearly shows an anomaly at & 126°C indicating
the transition from phase II to phase 1I. Upon cooling
phase I transforms to phase III, which is ferroelectric,
showing another anomaly at a;120°C. In the bulk form
of the sample the ferroelectric phase (phase III) exists
only over a small temperature range and transforms to
phase II at around 110°C. In the polycrystalline sample,
the PA measurements do not show any indication of a

III — II transition down to room temperature. Calori-
metric measurements performed with a differential scanning
calorimeter (DSC) support the PA observations. The beha-
viour exhibited by the polycrystalline sample in similar
to that of thin film samples. However, existing models

for the stability of the phase III in KNO, are exclusively

3
for thin film samples and are as such not applicable to
a polycrystalline powder sample. It is also found from
PA and DSC measurements that the heat of transition asso-

ciated with the I —=III transition is much 1less than

that of the II — I transition indicating an excess of
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free energy for phase III than phase II. This suggests
the possibility of phase III being only a metastable state
with respect to phase II arising serious doubts about
the application of KNO films as the raw material for

3

non-volatile random access memory devices.

The variation of the optical energy gap with
temperature around the para-ferroelectric transition in
the photoferroelectric material antimony sulfoiodide (SbSI)
has been investigated wusing PA technique. Optical
absorption spectra of SbSI at various temperatures have
been obtained by plotting the normalized amplitude of
the PA signal as a function of the incident wavelength.
The temperature coefficient of the energy gap is found
to undergo a distinct change at Tc' This change at Tc
is regarded as a consequence of the spontaneous polariza-
tion which appears below Tc. The microscopic mechanism
for this observation seems to be the elongation of the
lattice caused by the spontaneous polarization through

its coupling to the spontaneous strain.

In summary, we have carried out the investigation

of various phenomena associated with phase transitions
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in different solid materials, using photoacoustic

technique. The results obtained are important not only
in understanding the physics of the respective systems
in a better way, but also in establishing the potentiality
of the photoacoustic technique to study properties of
solids. As is evident from the present work, the most
striking characteristic of the PA technique 1is the diver-
sity of phenomena that can be studied and the variety
of ways in which the method can be applied. Incorporating
both calorimetric and spectroscopic aspects of the photo-
acoustic effect, the photoacoustic technique offers a
unique and powerful method for the investigation of various

phenomena associated with phase transitions observed in

a wide range of materials.
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