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PREFACE

In recent years there has been an increasing interest in optically excited thermal
processes, known as photothermal effects, which use lasers as optical heat sources.
The photothermal effect in a material is a consequence of the deposition of heat in
the sample following absorption of a light beam and subsequent thermal
deexcitaions, or other nonthermal deexcitation processes, which result in the indirect
heating of the sample. If the excitation is modulated, the corresponding temperature
variations developed in the sample gives rise to a variety of different effects and
most directly, to periodic temperature variations of the sample, which constitute the
basis for a distinct experimental technique, known as photopyroelectric (PPE) effect.
The PPE technique involves measurement of the temperature variations in
the sample due to absorption of radiation, by placing a pyroclectric detector in
thermal contact with the sample. The PPE technique is the only technique based on
the direct detection of photothermal heating, and therefore has a number of
advantages over other detection schemes involving secondary mechanisms (like
photoacoustic technique). A PPE experiment is rather simple to design and the
materials that can be investigated range from weakly absorbing solids like thin films
or liquids, to strongly absorbing solids and liquids or highly diffusing materials.
Even though much progress has been made on both theorctical and
experimental fronts, enough efforts have not been made to exploit the advantages of
the photopyroelectric technique in the measurement of thermal parameters, like
thermal diffusivity (@), thermal effusivity (e), thermal conductivity (K) and heat

capacity (c,) of solid samples. The technique is particularly useful to study thermal



properties of samples undergoing transitions such as ferroelectric phase transitions.
metal-insulator transitions etc. In this thesis we present the results of our systematic
investigation of the variations in the thermal parameters across phase transitions in
selected systems employing photopyroelectric technique.

Para-ferroelectric phase transitions are always associated with atomic
rearrangements or structural changes. The change of structure during a phase
transition can occur in two distinct ways. Firstly, there are transitions where the
atoms of a solid reconstruct a new lattice as in the case of an amorphous solid
changing to a crystalline state. Secondly, there are transitions where a regular lattice
is distorted slightly without disrupting the li'nkage of the network. This can occur as
a result of small displacements in the lattice position of single atoms or groups. or
the ordering of molecules among various equivalent positions. Most of the
ferroelectric phase transitions belong to the second group.

Since all the phase transitions involve configurational changes, one can
identify a physical quantity that is characteristic of the new ordered configuration.
Such a concept of order parameter was introduced by Landau. In a ferroclectre
transition the order parameter is the spontancous polarization and he expanded the
Gibbs free energy in powers of the order parameter in the vicinity of a transition
where the value of order parameter is very small. Accordingly, a transition is said 1o
be of the same order as the derivative of the Gibb’'s function, which shows a
discontinuous change at the transition. If there is a discontinuity in quantities such as
volume and entropy, which are first order derivatives of Gibb’s function, the
transition is said to be of first order. If specific heat, compressibility. thermal

expansion ctc. are quantitics undergoing discontinuity, which are second order



derivatives of Gibb's free energy function, the transition is said to be sccond order.
Our aim has been to study the variations of heat capacity and thermal conductivity
of selected ferroelectrics and analyze the nature of phase transitions associated with
it.

Mixed valence perovskites, with the general formula R),,A;MnOj3 with (R =
La. Nd or Pr and A = Ba, Ca, Sr or Pb) have been the materials of intense
experimental and theoretical studies over the past few years. These materials show
colossal magneto resistance (CMR) in samples with 0.2 < x < 0.5. In such a doping
region, resistivity exhibits a peak at temperature 7 = 7,, the metal-insulator transition
temperature. The system exhibits metallic characteristics with dp/ dT > 0 below 7,
(where p is the resistivity of the sample) and insulating characteristics with dp/ dT <
0 above 7,,. Despite intensive investigations of the CMR phenomena and associated
electrical properties, not much work has been done on the variation of thermal
para;neters of these samples.

In this thesis, we have taken up work on photopyroelectric investigation of
thermal parameters of ferroelectric crystals such as Glycine phosphite
(NH;CH;COOH;PO;), Triglycine sulfate and Thiourea, and mixed valence
perovskite samples such as Lead doped Lanthanum Manganate (La,.,Pb,MnO3).
Calcium doped Lanthanum Manganate (La;,CaMnO;) and Nickel doped
Lanthanum Stroncium Cobaltate (Lag sSry sNi;.,C0,03).

The thesis is organized into eight chapters as outlined in the following
paragraphs. To place the work in a better perspective, a detailed review of the
photopyroelectric technique and its theory are presented in the first section of the

introductory chapter. In the following section, Landau theory of ferroelectric phase
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transitions and a detailed review on the thermal conductivity and heat capacity
measurcments in these types of samples is given. In the last section of chapter 1. an
elaborate introduction to materials exhibiting metal-insulator transition and various
models employed to explain the phenomena are given.

In the second chapter we present an improved photopyroclectric technique,
which we have developed. for the simultaneous determination of thermal parameters
using a pyroelectric transducer kept in contact with a thermally thick backing
medium. The principle of the technique. calibration of the experimental set up and
measurement technique are described in detail in this chapter. In order to see how
well the technique enables one to measure the above thermal parameters during
phase transitions, we have carried out investigations on Triglycine sulfate (TGS).
wh.ich undergoes a para-ferroelctric phase transition at 49.4 ° C. The PPE technique
enables one to measure the anisotropy in thermal conductivity in crystalline samples.
The results of these measurements on TGS are presented and discussed in the last
section of chapter 2.

Chapter 3 highlights the studies carried out on ferroelectric glycine phosphite
(GPI) single crystals. The crystal has a monoclinic structure and is reported to have a
para-ferroelectric phase transition at 224 K. Details of crystal growth, identification
of crystal morphology, sample preparation and measurement of all the four thermal
parameters (thermal diffusivity, thermal effusivity, heat capacity and thermal
conductivity) of GPI are outlined in this chapter. The measurements have been
carricd down to a temperature of 100 K. The variations of thermal conductivity

along the three principal axes arc interpreted in terms of phonon contribution. The



anisotropy in thermal conduction are explained in terms of the ordering of protons in
the strong hydrogen bonds present in this sample.

A detailed photopyroelectric investigation of the thermal conductivity
anisotropy along the three principal directions in single crystals of thiourea and its
variation with temperature are presented in Chapter 4 of the thesis. Thiourea is
known to exist in five different phases between room temperature and 77 K. At
room temperature thiourea crystallizes in to a centrosymmetric orthorhombic
structure. At T, = 202 K, there is a transition to an incommensurate phase and at 75
= 169 K it transforms to an orthorhombic structure which is ferroelectric. Details of
crystal growth, identification of the morphology of the grown crystal and
preparation of the specimen for the measurements are described in detail. The
variations of thermal parameters along the three principal directions arc measured
and the results are discussed in this chapter.

Chapter 5 is a treatise on the thermal characterization of mixed valence
perovskite samples — Lag7Cag3MnO;3 and LagsCag:MnO; - using PPE technique.
The system is known to exhibit metal- insulator transition in the temperature range
220 -240 K. Electrical resistivity and thermoelectric power undergo anomalous
variations in this temperature range. It is seen that the thermal conductivity
undergoes anomalous variations in the same temperature range. Details of sample
preparation, experimental method and results obtained are described in this chapter.
The anomaly observed in thermal conductivity and heat capacities for these two
samples are explained in terms of the Anderson Localization applicable to such

systems.



A systematic study of the thermal properties of three samples of Lead doped
Lanthanum Manganese (LaMnOs3), namely Lag sPby sMnOs. Lag sPby sMng xsCr 1503
and Lay3sPby ;sMnO; + 2.5 wt. % of Ag. are carried out using the photopyroclectric
technique. This constitutes Chapter 6 of the thesis. Details of sample preparation and
the results of the measurement are given. A discussion of the results is given towards
the end of the chapter.

Chapter 7 reports our investigations on thermal properties of Lag:SrysCo,.,
Ni,O; across M-I transition employing photopyroelectric technique. More recently
Lag sSrosCo03 (LSCO) perovskite is reported to be a suitable material for many
applications, and investigations of its thermal parameters are interesting from this
point of view. It is seen that the system is metallic throughout the temperature range
and no temperature dependent M-I transition is observed. The results are explained
in terms of existing models and presented in this chapter.

Chapter 8 is the concluding chapter of the thesis. This chapter discusses the
general aspects of the results obtained on the above five samples. It also reviews the
scope for future studies on thermal properties of samples, which undergo
ferroelectric or M-I transition. Scope for doing further work using photopyroelectric

effect is also outlined in this chapter.
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CHAPTER 1

Introduction

This chapter embodies a general introduction to the experimental technique used in
the work presented in this thesis and the materials under investigation. Part A of this
chapter outlines the principles of photopyroelectric technique, theory of the signal
generation from solids and applications of the technique to different solids. Part B of
this chapter describes the features and theory of ferroelectric phase transitions with a
special reference to the variation of thermal parameters during a ferroelectric phase
transition. Part C gives an overall review on the metal-insulator transition in solids.
with focus being mainly on the mixed valence perovskite systems. The various
theoretical models, to explain the metal-insulator transition and the magnetic and

transport properties of mixed valence perovskites are reviewed.

Part A: The Photopyroelectric effect

and its applications

1.1 Introduction

In recent years there has been a surge of interest in investigations of materials -
solids and liquids, using photothermal diagnostic techniques, which use lasers as
precisely controlled optical heat sources. The development of lasers as convenient

and powerful sources of localized energy has contributed greatly to the success of



photothermal techniques over the conventional methods. The photothermal cffects
are generated by the deposition of energetic beams via direct heating provided by
thermal deexcitations or by other non-thermal deexcitation processes like
photoelectric, photochemical, luminescence and energy transfer processes, which
result in indirect heating of the sample. If the excitation is modulated, the
corresponding time and space dependent temperature variations developed in the
sample gives rise to a variety of effects and most directly to temperature increase of
the sample, which constitutes the basis of a distinct experimental technique. known
as photopyroelectric (PPE) effect.

The pyroelectric effect consists in the induction of spontaneous, rapid
polarization in a non-centrosymmetric, piezoelectric crystal as a result of
temperature changes in the crystal. The measurements of the pyroelectric effect first
appeared shortly before World War I {1-3]. The use of pyroelectric detectors for the
detection of infrared radiation was suggested early by Yeou [4] and Chynoweth [5];
however the practical pyroelectric detectors have been developed only over the last
two decades [6, 7]. Historically, the search for pyroelectric materials has been
focused on their infrared radiation detectivity [8, 9] and their efficient high
frequency responsivity {7, 10]. It is surprising that the sensitivity and the unique
intrinsic capability of thermal sensors based on the pyroelectric effect to respond
very rapidly to thermal excitations have not been exploited with photothermal
phenomena until recently.

The impetus for an exploitation of the capabilities of the pyroelectric
detection technique has come from the need for a spectroscopic technique that

would provide reliable information about samples. which are difficult to examine by

to



conventional optical transmission or reflectance spectroscopy in the UV-Visible and
near IR regions of the electromagnetic spectrum. The combined use of the quick
response to radiation and temperature measurement capabilities of a pyroelectric
detector led to the development of a new spectroscopic technique for solids,
designated as photopyroelectric spectroscopy in 1984 [11-13].

The PPE technique consists of the measurement of the temperature increase
of a sample due to the absorption of radiation, by placing a pyroelectric transducer in
thermal contact with the sample. Both in PPE experiments and pyroelectric
radiometry, one needs essentially a radiation source and a sensor composed of a
pyroelectric element and an absorber. The PPE technique is the only photothermal
technique based on the direct detection of photothermal heating (the temperature
change) and therefore it has a number of advantages over other detection schemes
involving secondary mechanisms [14, 15]. In all other techniques, each conversion
step in the signal-generation chain degrades the overall signal-to-noise ratio,
sensitivity and bandwidth performance and complicates the theoretical interpretation
of the results. A PPE experiment is rather simple to design and the specimen needs
no .preparation, the material that can be investigated range from weakly absorbing
solids like thin films [11, 16-18] or liquids [19], semiconductors [20], surfaces and
absorbates [14, 17, 21, 22] to strongly absorbing solids [13] and liquids [23, 24] or
diffusing materials [12]. The obtained spectra are comparable to those obtained
using pure optical methods if the nonradiative quantum efficiency reaches unity or
wavelength independent. By comparing two such spectra, intermolecular energy
transfer processes and non-radiative quantum efficiencies can be studied [14, 16, 25,

26]. Due to the fact that the PPE signal depends on the optical properties and also on



the thermal properties of the sample, non-spectroscopic problems such as thermal
microscopy [27, 28], depth profiling [16, 29], investigation of multilayered
structures [30, 31], thermal diffusivity measurements [32-39] and measurement of
tehmrature dependence of specific heat [40] can be investigated very effectively.
Several approaches are possible in which the excitation and detection is harmonic.
pulsed and modulated in a wide bandwidth [41], each having specific advantages

and drawbacks.

1.2 Theory of photopyroelectric effect in solids

The first successful attempt to derive a general expression for the photopyroelectric
signal voltage developed in the pyroelectric detector, in intimate contact with a
sar;lplc was made by Andreas Mandelis and Martin Zver in 1985 [42]. They put
forward a one-dimensional photopyroelectric model of a solid sample in contact
with a pyroelectric thin film, supported on a backing material. The emphasis is
placed on the conditions and / or restrictions imposed on the values of the system
parameters so that the technique can produce signals linear with the optical
absorption coefficient of the material under investigation. The limits of validity of
photopyrolectric spectroscopy as a spectroscopic technique are also identified
herewith.

A one-dimensional geometry of a photopyroelectric system, as suggested by
Mandelis and Zver is shown in Fig. 1.1(a). They considered a solid sample of
thickness L, irradiated by a monochromatic light of wavelength A, whose intensity

is modulated at an angular frequency w, by a chopper. The sample has optical

absorption coefficient B(4) and is in intimate contact with a pyroelectric detector of



thickness L,. The optical absorption coefficient and pyroelectric coefficient of the
detector are B,(4) and p respectively. The detector is supported on a backing
material of thickness L, large compared to L, or L,. The incident light is assumed to
illuminate the sample surface uniformly. Light absorption by the sample surface and
non-radiative energy conversion to heat causes the temperature increase of the
pyroelectric thin film. This temperature increase results in a potential difference
between the upper and lower surfaces of the pyroelectric detector. This voltage
Nws Bs(A)] causes an electrical signal, which is measured in the external circuit.
through the connections to the pyroelectric detector as in Fig. 1.1(b).

The charge accumulated in the pyroelectric, due to a change AT in
tempt;rature is given by

Q=pdT (1.1)

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

pyroelectric effect is

r

=[£]Re [ J.T(x)dx)e'“"" (1.2)
Lp L,

The average pyroelectric voltage is then given by

V=% (1.3)

(Q)=pAT=[£] J'T(x)e"""' dx

Thickness 1.,

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



Light ;

N
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For two parallel charged plates of thickness L, and dielectric constant K, Eq. (1.3)

becomes
V(w,)= {M"—)] explio, 1) (1.4)
Ke,
where Gp(w,,)= Li _[T,, (w,,x)dx (1.5)
r

Here, & is the permittivity constant of vacuum (8.854 x 10™'? C/Vm).

T, (@,.x) is the temperature field in the pyroelectric detector as a result of heat

conduction processes through the solid. For the geometry shown in Fig. 1.1(b),

T’(m,.x) can be found from the solution of one-dimensional thermal transport

- equations. Assuming that there is negligible optical reflection and radiative heat
Sort,
transfer coefficients on the sample surface and pyroelectric-sample interface [9]. the

appropriate heat diffusion equations have the form

o'T (@, ]
( l.'(w; x)J—[ﬂJTg(wﬂ'x)zo’. x>0 (1.6a)

ox?

a&'
O’T(w,x)) (iw, _ {1,Bn, AY
(22 (100 ) [ L2 .0,
~L <x<0 (1.6b)
o'T,(w,x)) (iw, 1,8,n,exp(-B,L,)
[T - Z— T,,(a),,,x)——[ ok Jexp(ﬂp(h%‘))

(£, +1)sx<-L,  (1.60)

s

2
0x a,

The subscript j refer to the respective media j =5, p, b or g as in Fig. 1.1(a). The

various terms in the above equations are defined as follows



I = Intensity of light source

k; = Thermal conductivity of the respective mediaj (= s, p,g or b)

a; = Thermal diffusivity of j

ns, 1, = Non radiative conversion efficiencies for the absorbing solid and
pyroelectric.

The boundary conditions of temperature and heat flux continuity at all interfaces are

given by

T,(w, .boundary) = T, (w,,boundary) (1.7a)
k, 2 T, (,, boundary) =k, —a-TJ (w,, boundary) (1.7b)
Ox Ox

e

“Sothe complex solutions to equations (1.6) are
7;,(00'1) = C,exp(— agx) (1.8a)

1,B.n,
T'(a),,x) = (ﬁ%ﬂjap(ﬁ‘x) + C,exp(o,x) + C,exp(- o, x) (1.8b)

Tp(a)"’,x) - ,'I()ﬂ,,ﬂ,,exp(— ﬂij)

ZkF(a,‘:—ﬂ,':) }exp [,Bp (x+L_\_)]+ CJexp(a,,x)

+ Cjexp(—al,x) (1.8¢c)
T;(a),,,x) =C; exp(a,, x) (1.8d)
142
. w,
where o, = (1+i) a, and a, = (3;'/—] (1.9)

~and g; is the thermal diffusion coefficient of the respective media.
The quantity of interest is the function for the temperature variations in the

pyroelectric T,(wp, x). The coefficients in Eq. (1.8¢c) can be determined using the



boundary conditions (1.7a) and (1.7b). So after a considerable amount of algebraic

manipulation, the general expression for 6, (@) is obtained as

6, (wo)={2o_1’:’;)o]{(ks (Z}"faﬂ)({[exp(ap LI,)—I](b,,I, + 1)— [1 —exp (—0'/, L,,)](b,,l, - l)}

x{2(b,7, +1)- [lr, + )b, + explo, L)+ (v, - )b, — Vexp(=A.L.)]

B,n,ex
k, (B2 -

exp(-ﬂsl-,)})+[ AL = )]{[({[exp(a L)1), +1)-

[1- expl-0,L,) (8, - 1))(b,.7, + 1)+ {[explo, L,) - 1)(5,, +1)+
) [t-explo, )] L@, - )by, -7, )exp(=B,L,)) - 77 t(b,, +1)(b,, +1)
P o, L)+ by = o -l £, - el 1, Ve, + )
el ooz, )1}, +1)-i - exlo, ,) b, 1)
(b7, = 1)+ {lexplo, L, )-1](5,, — 1)+ [1 - expl-o, L,)] (5, + 1)}
(b - 7, )expl-5,1,)) - 7;'t (b, + by, ~ Vexplor, L,)
+(8, = 1)(b,, +1)exp(-0,L,) )1 - exp(-, L, )]x (b, ~1)exp(-0.L) }
+((b, + 18y, +1)(b, + Vexplo, L) + (b, = 1)(b,. ~Dexp(-o, L,)]
explo, L)+ (b, —1)[ (b, +1)(b,, —1)explo, L, )+ (8, —1)b,, +1)
exp-o,1,) exp(-0,L) ) (1.10)
Further, substitution of Eq. (1.10) into Eq. (1.4) gives the expression for the complex

pyroelectric voltage as a function of modulation frequency of light and optical,

thermal and geometric parameters of the sample/pyroelectric system.



Special cases

Equation (1.10) demonstrates explicitly that the thickness averaged
phdiopyroelectric signal is a function of both the optical and thermal parameters of
the sample under investigation. The complicated dependence of the signal on the
sample parameters makes it difficult to give a physical interpretation to the general
case. Therefore several special cases are considered according to the optical opacity
and transparency of the sample. The classification scheme used here is adopted from
l}osencwaig and Gersho [43]. All cases considered here have been classified

according to the relative magnitudes of three characteristic lengths in the solid and

; ric namely
Tiwh .1¢ Thickness L, or L,

ii. Optical absorption depth ps0r 4 y, defined as

Hy, = B (1.11)
iii.  Thermal diffusion length 4; or u, defined as
L (2, 142
w=a’ =| =L (1.12)
W,

For the special cases of the photopyroelectric signal discussed below, the
time dependent factor exp (iwpt) in Eq. (1.4) has been omitted, as it does not affect

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

A.'Optically opaque and thermally thick pyroelectric

This case occurs experimentally at high chopping frequencies w, or for thick
detectors.

For this limit My << Ly, pp < L, and Hy < Hp. So in Eq. (1.10), we set

10



exp(—ﬂ,,L,,); 0, exp(—a,,L,,) =0 and [y,,’ > 1

Then

2ke, k, (p‘z -0} L'n

V(wo.ﬂ,)=[”’° [( b, }zz(bmn+1)-[<y_\.+1)<b,w+1)e.\-p<m
)b, ~Vexpleo. L) ] expl- ALJ;(

n,exp(-p,L,)
kﬁ 'Bn g,
{( )(b,,‘ Y» +1)exp )+ (b.\,g —1)(b,,.‘_ 7, —l)exp(—oi\, L )} i
+ [(b_tg +1)(bp_' + 1) exp(ax L“.)+ (b.‘.g —l)(b,,_‘_ —l)exp(— o, L_\.)] (1.13)

Ay

A. l Optically opaque sample (u, << L)

Clnkg
&l.Bg. (l 13). we setexp (-f; L) =0

lnEq (1.13), set exp(+ o, L) ~1 and [y, >>1

n.a .
So‘V((oo)= A(m]exp(—l%) (1.14)

Pl (1.15)
ke,

where 4 =

Eq. (1.14) shows that the photopyroelectric signal voltage is independent of
S This behaviour is termed as photopyroelectric saturation. The signal depends on
the thermal properties' of both the gas and the pyroelectric and it varies with the
chopping frequency as @,’ and its phase lags by 90° to that of the reference signal.
Case A.1 (b): Thermally thick sample (x, <<Ls, g >p, )

InEq. (1.13) we set exp(~o,L )= 0 and |7, | > 1

Assuming that |7, | > by, Eq. (1.13) reduces to



Wy

1/2 1/2
na w A ‘
Viw )= 4 P I T A D B e ,
@) (kph+b‘g§a)oJexP{ (2(1_\) lmp '[2 [2@) ] (

In this limit the photopyroelectric signal, initially saturated with res
the thermal properties of the contact gas, have now been replaced with those
solid. Eq. (1.16) indicates that in this limit the photopyroelectric signal can be
in principle to determine its thermal diffusivity a;, if the thickness L, is knov

vice versa.
Case A.1(c): Thermally thick sample (u << L, 4 < Hy )
InEq. (1.13), set exp(-o,L, ) = 0 and ly.| <1

Here two possibilities can occur

(i) |7.] <bsg<1,then

”.\b\ga.\‘vap [4)] ' . w 12
Vw,.B.)= AP, xpl = 2| L lexpd —il | 2o T
(a),, ﬂ\) ﬂ‘[kp i+b, @ exp 2, L lexps —i 2a. L A

(1.17)

This is called thermal transmission spectroscopy. As long as u, < Hy . the

exponential tail of the heat wave generated within 4, in the sample is

communicated to the pyroelectric transducer, thus producing a signal linear in £, and

of small magnitude. Therefore, the technique can be used in this limit as a

spectroscopy, yielding signal information similar to the absorption spectra.

The other possibility considered is
(i) b < |7,| <1

So Eq. (1.13) becomes

12



1/2 12
2 no, @ | @
Viw B )= Ap" £ r expl | —=| L, lexp| —i| - L. 1.18

Eq. (1.18) predicts a spectral nonlinearity. ie., ¥(w,.8.) « B7. This

dependence will distort the spectral information from the sample. Therefore it is

regarded as undesirable.
A. 2: Optically transparent sample (u, > L)
In this limit, exp (-G Ls) =1 - G L,

Case A. 2(a): Thermally thin sample (z; >> L, y, > “ﬂx)

In Eq. (1.13), we set exp(ia.\,Lx)zl and |y | > 1
So Eq. (1.13) becomes
n, +(n, ~1,)8.L, .
WMw, B.)=4 —i7 1.19
(a)o ﬁ‘) [ kﬂ (1 N bw,)wo exp( ’A) ( )

The photopyroelectric voltage is proportional to g, L,, provided that 7, = 7,.
In the experimentally common case, where 7, ~ 1, ~ [ and b, </, the signal carries

neither optical nor thermal information about the samples and it is entirely generated

by the light absorption in the pyroelectric.
Case A. 2(b): Thermally thin sample (1> Ly, g, < g5 )

In Eq. (1.13), setexp(t o, L,) = 1+ o, L and |y,| <1
Further, if we assume that

() |7, > o L] ie, 4 > p, L

So Eq. (1.13) reduces to



V((uuﬂ\)=Aaﬂ{np ~ln-mlaL, ]e‘cp( 77) (1.20)

K,

This case is similar to A. 2(a), in that for 7, ~ 7, ~ /, no optical or thermal
information about the sample is obtained.

Now, if we assume that

(11) | 7. | <<

(, +n.p.L)(1-B.L) exp(_i%)

V{w,p.)= Aa (1.21)
k,w,

Here, if n,~ n,~ 1, the photopyroelectric output will be proportional to
[l - (5 Ly’] with a w,' frequency dependence. This limit is nonlinear in £, and the

spectral information from the system will be similar to distorted transmission

spectra.
Case A. 2 (c): Thermally thick sample (4, < L, g, < g2, )

The approximations in Eq. (1.13) are exp(-o¢,L)=0 and |y_\_| << 1. The

photopyroelectric output is

V{w,8.)=A0- B L\,){mJexp(ﬂy ) (1.22)

In this limit, the technique is equivalent to optical transmission spectroscopy.
This is of great experimental interest, because the photopyroelectric signal is
proportional to [1 - fL;]. Therefore the technique can vield information similar to

the transmission spectrum.

14



Cases A. 1 (¢, i) and A, 2 (c) are the only spectroscopically important cases
which give direct information about the optical absorption coefficient of the sample

material as a result of thermal and optical transmission respectively.

B. Optically opaque and thermally thin pyroelectric

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

pyroelectric films. Under this condition, u, >> L, and 1, >> u,

On setting exp(-f, L,) =0, explzo, L)z 120,L,; |y, | >> 1 in Eq. (1.13). we

get the expression as

ﬂ.\' 7?.\' L r .

Vi{w,B,)= A[{k—(ﬁz——;‘_?)

]{2 by + )=y, + )b, +1)exp(o,L)

+ (1, = Dby ~1)exp(-0, L) Jexp(-B.L.)} + [Eﬂﬂ]

kB0,

(b +1)[(b,7, +1)o,L, =77 (b0 + )+ (b, + 8, ), L, f] explo, L)
(6, 16,7, =1)o, L, -7 {6, -1)+ (b, = 8, )0, L, Jexp(-o. L)} ]
(b, + 1), +1)+ (b, + b, )0, L Jexp(a.L)+ (b, — 1) (b, —1)

+ (b, ~b,,)o,L, Jexp(-o.L) (1.23)

There are six spectral limits of Eq. (1.23) involving relationships between s,

#, and L, identical to cases A.1 and A.2, For each limit, in the case of a thermally

thin pyroelectric transducer, the simplified expression for Viw, [y, which results
from Eq. (1.23) is similar to the respective expression in the case of the thermally
thick detector previously discussed, with the substitutions — 1/g, replaced by L, and
kyo, with kya5. According to these substitutions, the cases of spectroscopic interest

in the limit of a thermally thin pyroelectric are



Case B.1 (¢, i);: Thermal transmission mode

B.Lb ~-o L
V((l)”,ﬂ‘):—A ’7.\)6.\ n .\gexp( O-.n a) (124)
O-.\' (kho-h + k\' O—,\)
Case B. 2 (c): Optical transmission mode
Lil-4 L
v (@,.8.)= 4| - A=AL) (1.25)
ko, + k.0,

The frequency dependence of the photopyroelectric voltage in all cases (B) is
consistently with a factor @;'’? lower than all cases in (A)

The results obtained shows some trends familiar from other thermal wave
spectroscopies, such as photoacoustic and photothermal deflection spectroscopy, as
well as some unique features. The calculations show that the photopyroelectric
voltage 1s governed by the interplay between the optical absorption in the sample
and in the pyroelectric transducer itself. This suggests that it is experimentally
advantageous to work with optically opaque transducers whose flat (ie.
photopyroelectrically saturated) spectral response does not interfere with the spectral
measurements on the sample. Opaqueness can be achieved through coating the
photopyroelectric surface with metallic thin layers (e.g. nickel) [44] or black
| absorbing materials [9].

The present theoretical considerations help to establish photopyroelectric
spectroscopy as a valid spectroscopic technique, with high promise in the realm of
flexible in-situ non-destructive probing of samples and in applications at very high
frequencies as piezoelectric or pyroelectric thin films (such as PVF;) [45]. These

features set this technique ahead of photoacoustics and photothermal spectroscopies.
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.Mandelis, in his theory assumed total absorption of radiation by the
pyroelectric sensor. Chirtoc and Mihailescu [46] in 1989 put forward another theory
to understand the role played by the finite reflectance at the sample-pyroelectric
interface and the mechanisms responsible for the peak inversions observed in the
reflection-mode PPE spectroscopy [24, 47], since these questions have found no
satisfactory answers in the framework of the former theory. It has been shown that
the assumption of an arbitrary value for the reflectance completely changes the
physical nature of the PPE effect, featuring simultaneous optical absorption and
transmission characteristics. Hence it creates very diverse experimental
opportunities for optical and thermal investigations of solid, liquid or even gaseous
substances. So the full potential of the PPE technique for the investigations of
optical and thermal properties of materials remains to be demonstrated by future

experiments.

1.3 Experimental set up

There are three main types of photopyroelectric analysis depending on the signal
generation and detection mode.
1. Frequency domain scheme (FD) — Harmonic modulation of the incident light
at a single frequency and simple pyroelectric calorimetric detection [42]
2. Frequency multiplexed excitation — spectral analysis of input and output
signal channel [48].
'3. Time domain measurements — pulsed optical excitation of the sample and

pyroelectric detection [49-53].
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%:;‘Of'the three, frequency domain PPE instrumentation is the simplest of the three
" fedes. The experimental set up of this technique does not present any particular
- problems. The cost of the instruments is relatively low. Fig. 1.2 shows a general set
'dﬁi’of the frequency domain PPE experimental set up. As it is shown. either a

" broadband source or a CW laser can be used [54].
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Fig.1 2:Block diagram for the Frequency domain PPE experimental apparatus

Frequency domain photopyroelectric measurements can be divided into two main
groups.
1) The back detection technique (BDT)

ii) The front detection technique (FDT)



This thesis deals only with the back detection technique. However, for
completeness, we first describe the front detection technique.
Marinelli et al,, [SS] were the first to use the PPE technique in the front

detection mode. The configuration of the technique is given in Fig. 1.3.

back deteci.

Fig. 1.3 (A): One-dimensional geometry for the photopyroelectric technique in the

front detection configuration

incident tight -

X

' pyroelectric
transducer

St <
W AR

L

signal out

absorbing
eleclrode

sample

Fig. 1.3(B): Expertmental configuration of the sample and dectector for

photopyroelectric front detection
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Fig. 1.4(A): One-dimensional geometry for the photopyroelectric technique in the

back detection configuration
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Fig. 1.4(B): Experimental configuration of the sample and pyroelectric transducer

for photopyroelectric back detection

As it is seen in Fig. 1.3, one side of the detector 1s in contact with the sample.

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



detector and not on the sample. In back detection technique, one side of the sample
is in contact with the detector, while the opposite side is illuminated. The
configuration for the technique is shown in Fig. 1.4. The advantage of the FDT is
that it can be used in a wide frequency range and it can attain a large signal at a high

frequency limit, which allows a high depth resolution in the sample.

1.3.1 Frequency response characterization

Christofides ef al. [56] used two different thickness of polyvinylidene difluoride
(PVDF), 28 pm and 52 pm as pyroelectric detectors in order to obtain thermally
thick pyroelectric conditions. The thickness of the detector and the modulation
frequency must be such that the condition
al’

L

2
r

f>>f = (1.26)

is satisfied according to the definition of the thermally thick limit. @, and L, are the
thermal diffusivity and the thickness of the detector respectively [42]. In Eq. (1.26).
fe, the critical frequency equals 22 Hz and 5 Hz for the PVDF film of thickness 28
um and 52 um respectively. The thermal time response of the PVDF film depends
upon its thickness, since a longer time is needed for a thicker detector to reach
thermal equilibrium within the pyroelectric after excitation [44]; yet for a range of
low frequencies (0.5 to 600 Hz) this dependence is significant. The frequency
response characterization experiments is necessary to work in a frequency range
greater than 25 Hz or so in order to satisfy the conditions of the theoretical models.
So we can say the PPE spectroscopy is technically less complex and less
expensive than any other photothermal methods. The necessary condition for the

experiment depends only on the thermal thickness of the detector, which is very easy



to satisfy. However, one disadvantage of PPE spectroscopy is its susceptibility to
acoustic noise [57]. This problem can be partially alleviated by isolating the

mechanical chopping system from the optical table that supports the rest of the

instrumentation.

1.4 Applications of the technique

The pyroelectric (PE) property offers the possibility to use PE materials for a
number of applications. In fact PE sensors present five main advantages that make
them suitable for many applications.
1. Sensitive in a very large spectral bandwidth
2. Sensitive in a wide temperature range without the need of cooling
3. Low power requirements
4. Fast response
5. Generally low cost materials
In this subsection, we briefly describe the state of the art of the pyroelectric
sensors in the field of measurement science. In the beginning, the pyroelectric eftect
has employed mainly in the detection of infrared radiation and in laser power
measurements. The pyroelectric phenomenon has led to many applications in recent
years. In fact, since the beginning of the 20" century pyroelectricity has been
exploited in different areas, especially for the detection of radiation. In an excellent
review, Putley has described the use of pyroelectricity for the detection of radiation
[7].
With these added advantages of PE detectors make the photopyroelectric

technique an ideal one for the thermal and optical characterization of samples



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

applications of the photopyroelectric technique.

1.4.1. PPE spectroscopy in semiconductors

In 1984, Coufal and Mandelis [11, 12] used for the first time, thin polyvinylidene
difluoride (PVDF) films for photothermal wave spectroscopic detection. Shortly
thereafter, Coufal showed that photopyroelectric spectroscopy can be a very
sensitive qualitative tool for thin film spectroscopic applications [16]. Mandelis ¢/
al. [58) used the PPE spectroscopy for electronic defect center characterization of
crystalline n-CdS. These authors performed several experiments in open circuit as
well as in conjunction with photocurrent spectroscopy in the presence of a.c. or d.c.
transverse electric field. This study [59] showed the potential of the technique to
give information concerning the non-radiative de-excitation mechanisms at defect
centers. Tanaka [60] and Tanaka et al. [61] showed that frequency domain PPE
spectroscopy is also very promising for qualitative analysis.

PPE spectroscopy was also used for the characterization of thin
semiconducting films. Mandelis er «al. [61] have performed spectroscopic
measurements of an a-Si:H thin film on quartz. These authors further compared
their experimental PPE spectra with similar spectra obtained by conventional widely
used photothermal deflection spectroscopy (PDS). It was shown that PPL
spectroscopy has the ability for easy and consistent experimental acquisition of non-
radiative quantum efficiency spectra, a property not shown by PDS. It is the
necessity for a coupling fluid that is partly the cause of the lack of spectroscopic

applications of PDS at cryogenic temperatures. Another disadvantage is the pump-



probe beam alignment requirement for PDS detection. This frequently led to the
need for three-dimensional models to interpret the data quantitatively, The

consideration of these advantages led to the development of PPE spectroscopy.

142. PPE spectroscopy in  paramagnetic and

ferromagnetic materials

In 1982, Melcher and Arbach [62] reported the use of pyroelectric sensors to detect
the temperature gradients associated with magnetic resonance absorption in thin
films and layers of paramagnetic and ferromagnetic materials. Photopyroclectric
technique to study the magnetic phase transitions in ferroelectrics and itinerant
electron antiferromagnetic materials were first done by Dédarlat er /., [63] in 1990.
In their paper these authors have reported the application of PPE technique for the
study of magnetic phase transitions in Nijg..Cu, alloys with x = 28 to 33%. The
samples were found to exhibit magnetic phase transitions (ferromagnetic-
paramagnetic). According to Dadarlat et al., [63] due to the features of the PPE
method, the high signal to noise ratios that were obtained allowed higher
sensitivities for monitoring phase transitions in itinerant electron antiferromagnets
than classical magnetic and electronic measurements.

In another work, Dadarlat ef al,, [64] demonstrated the ability of the PPE
method to detect the phase transitions in solids. He made measurements on TGS,
which exhibited a ferroelectric-paraelectric phase transition at 49 °C and NiCuj, had
a ferromagnetic—paramagnetic phase transition at 50 °C. It has shown that the PPE
voltage amplitude clearly reflects the phase transition. He made the i{lferencc that

the thermally thin and thick conditions iargely influence the results.



1.4.3. PPE spectroscopy in liquid crystals

Marinelli {55] used the photothermal front detection configuration (Fig. 1.4) to
perform measurements on liquid crystal samples in the range 0.2 Hz to 200 kHz.
The sample was 9CB liquid crystal and the author studied the PPE signal as a
function of modulation frequency. [t has been proved that with the PPE technique. it
is possible, at a given frequency, to obtain the temperature dependence on the
thermal parameters of the sample, which is particularly interesting in the case of
phase transition studies.

Marinelli e al. [65] have also performed several experiments comparing the
photoacoustic and photopyroelectric technique for the characterization of liquid
crystal second order phase transitions. In their measurements they evaluated
simultaneously thermal conductivity, specific heat and thermal diffusivity of 9CB
liquid crystal that undergoes a second order phase transition at 47.9 °C from
Smectic-A (SA) to Nematic (N) phase [66]. The variation of PPE signal amplitude
and phase as a function of temperature for the liquid crystal sample has been plotted.
It is seen that in the plot, the obtained dip for the PPE phase at the phase transition
temperature, because of the “critical slowing down” of thermal fluctuations [65. 67]
is about 160°, while in PA it was only 4°. This proves the superior sensitivity of the
PPE technique over PA. Apart from the sensitivity factor, the PPE tcchnique
presents a better signal-to-noise (SNR) ratio, which makes this an ideal one for

studies in liquid crystals.



1.4.4. PPE gas sensors

Photothermal and photoacoustic techniques have been used successfully in optical
and thermo physical characterization of solids [68-72]. Recent developments in
monitoring and measuring the properties of gases using photothermal techniques
have attracted much attention for environmental quality control and manufacturing
safety reasons [73-77]. Christofides and Mandelis [78] used the photopyroelectric
gas sensor, a new type of solid-state devices for the detection of minute
concentrations of hydrogen gas under environmental flow-through conditicns.
Sensitivity to exposures in a hydrogen partial pressure has been demonstrated down
to concentrations as small as 40 ppm, in a flowing H; + N, mixture.

A newly developed [79] thermal wave resonant cavity (TWRC) sensor using
a pyroelectric thin film transducer (polyvinylidene fluoride), proved to offer a
powerful method for measuring thermal diffusivities of gases with very high
precision and gas species resolution [76, 77, 80].

This section on photopyroelectric effect would not be complete if we do not
emphasize the fact that high sensitivity of the PPE detector in temperature change is
a great challenge for measurement scientists. Juhl and Bimberg [81] have recently
proved that with calorimetric absorption and transmission spectroscopy one can
achieve spectroscopic sensitivities of g/ = 10 ~ 8. So we can say that from an
experimental and instrumental point of view, the progress of the experimental
technique has been consistent and encouraging. However, the full potentiality of the
PPE technique for optical and thermal material characterization remains to be

demonstrated by future experiments.
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Part B: Ferroelectric phase transitions

1.5 Introduction

The cross-disciplinary subject of phase transition is of great interest in the study of
condensed matter. This is a very interesting phenomenon 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 (82, 83]. In the following
paragraphs. a brief outline of the basic facts regarding phase transitions in solids are
presented.

A homogenous assembly of atoms or molecules called a phase is
characterized by thermodynamic properties like volume, pressure, temperature and
free energy. The stability of the isolated phase is determined by whether its energy
more generally, its free energy - is a minimum for the specified thermodynamic
conditions. If the phase is present in a local minimum of frec encrgy instead of a
unique minimum and is scparated by still lower minima (under the same
thermodynamic conditions) by energy barriers. the system is said to be in a
metastable state. If the barriers do not exist. the states of the system become unstable
and the system move into a stable or equilibrium state characterized by the lowest
value for free energy. As the temperature, pressure or any other variable like electric
or magnetic field acting on the system is varied, the free energy of the system

changes smoothly and continuously. Whenever such variations are associated with



changes in the structural details of the phase (atomic or electronic configuration) a
phase transition is said to occur.

During a phase transition, even as the free energy of the system remains
continuous, thermodynamic quantities like entropy, volume, specific heat etc.
undergo discontinuous changes. Ehrenfest [84] classified phase transitions
depending on the relation between the thermodynamic quantity undergoing
discontinuity and the Gibb’s free energy function. According to this scheme. a
Gibb’s function 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 free energy, the transition is 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 frec energy
function, the transition is said to be of second order and so on. However, several of
the known transformations do not strictly belong to any one kind [85, 86] as
described above. For example the phase transition in BaTiO; which has second
order character, also shows a small latent heat effect. The ferroelectric transition in
KH;PO, should theoretically be of first order, but conforms more closely to the
second order. 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 specified direction and one usually does not observe any changes in the atomic

configuration. On the other hand, several other types of phase transitions like para-



ferroelectric transitions are generally associated with atomic rearrangement or
structural changes. The change of structure at a phase transition in a solid can occur
in two distinct ways. Firstly, there are transitions where the atoms of a solid
reconstruct a new lattice as in the case of amorphous solid to crystalline state.
Secondly, there are transitions where a regular lattice is distorted slightly without in
any way disrupting the linkage of the networks. This can occur as a result of small
displacements in the lattice position of single atoms or molecular groups or the
ordering of atoms or molecules among various equivalent positions. Most of the
ferroelectric phase transitions belong to the second group. The displacive type
transitions are often driven by the freezing out of a vibrational mode called soft
mode. In the case of ferroelectric transition, the soft mode i3 an optical phonon
bel‘onging to the centre of the Brillouin zone while in the case of an antiferroelectric
transition, is a zone boundary phonon. Soft acoustic phonons are associated with
ferroelastic transitions.

Since all the phase transitions involve configurational changes. one can
identify a physical quantity that is characteristic of a new ordered configuration.
Such a concept of an order parameter was introduced by L. Landau [87] in his
thermodynamic theory of phase transitions. The order parameter has a non-zero
value in the ordered phase below the transition temperature 7, and is zero above T..
Thus in a ferroelectric transition, the order parameter is the spontaneous polarization
while in a ferroelastic transition, it is the spontaneous strain. Landau assumed that
Gibb’s free energy can be expanded in powers of the order parameter is which is
assumed to be very small. The results of Landau theory support Ehrenfest's

classification and reveal many basic features of phase transitions.



1.6 Landau theory of second order ferroelectric

phase transitions

It was pointed out earlier that during a second order transition, the entropy and
volume of the system remain continuous, while the heat capacity and thermal
expansivity undergo discontinuous changes. Landau [87] proposed an account for
this behaviour. He suggested that the transition from a high temperature to a low
temperature corresponds to the onset of an ordering process. In the ordered, less
symmetrical (low temperature) phase of the material, there exists an order
parameter, which decreases continuously with temperature and becomes zero at the
transition temperature. The disordered high temperature phase will have high
symmetry.

The free energy can be written in terms of the order parameter &, (for the
ferroelectric phase transition, the order parameter is the spontaneous polarization).
For small values of & (near the transition temperature) the free energy ¢ (P, T, &) can
be written as

$(PT.E)=¢,(PT)+al +b& +c& +d&* + ..o (1.27)
where ¢y (P, T), a, b, ¢ and d are constants. Now, if the value of ¢ (P, T, &) to remain
unaltered by the change of sign of £, coefficients of odd powers of & should be zero.

Therefore,

$(PT.E)=¢,(PT)+ bE + dE' + ..o (1.28)

The equilibrium value of the long-range order parameter is obtained by the

following conditions
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[%]N =¢(b+2de2)=0 (1.29)

a?¢] )
8 =b+6dE 20 (1.30)
[aé-

From Eq.(1.29) we obtain the solutionsas £=0 and &7 = _%d' Since
¢ =0 corresponds to the disordered state, it follows from Eq. (1.30) that > 0 on
one side of the transition temperature. Similarly on using the value & 7= _%d in

Eg. (1.30), we get b < O for the ordered phase. So 4 should change sign through a

second order transition. Since b is negative for the ordered phase in the vicinity of a

transition, d should be positive (since —%d =£750).

Assuming b to vary linearly with temperature near the transition point
b(PT)=B(T-T) (1.31)

where T. is the “critical’ or transition temperature. &7, then becomes
E=—=-—(T-T) (1.32)

Neglecting higher order terms, entropy is given by,

3¢ ,( 0b
s=2 -5 -2 1.35
[arjp; ¢ (ar) (135

In the symmetrical phase (above the transition temperature), £ = 0 and S = S,. Below
the transition temperature, using Eq. (1.32) we get

2
S:SO-Q-b(—PI_)(_a_b.):SO.‘_B—.(T_I:') (1.34)
2d \oT 2d

This guaranteces the continuous nature of the entropy during a sccond order

transition.
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Since C, = T(a%r) , we have two phases at the transition
"

C =(9‘?£] =C, and G, =C, + 2L (1.35)
,

d or 2d

on either side of the transformation. So the change in heat capacity during a second

order transition will have a finite value given by

T, -
AC, =B %d (1.36)

So we see that Landau theory provides the basis for Ehrenfest’s second order
transition. Extension of Landau treatment has been attempted by various workers in

conjunction with fluctuation theory [88].

1.7 Variation of thermal conductivity and heat

capacity during ferroelectric phase transitions

Phase transitions in solids are often accompanied by interesting changes in their
properties. Several techniques are employed to investigate phase transitions,
depending on the nature of the solid and properties of interest. Such studies are not
only of academic value in understanding the Stru'ctural and mechanistic aspects of
phase transitions, but can also be of technological importance. The literature
abounds in studies of phase transitions in solids using a wide range of techniques.
including diffraction, thermal, optical, electrical, magnetic, dielectric, spectroscopic
and other measurements [86, 89-93]. |

It would be difficult here to describe all the techniques and material

properties that have been employed to study phase transitions. We shall therefore
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limit our discussion to the thermal properties namely thermal conductivity and heat
capacity of solid materials.

Thermal measurements have been widely used to identify and characterize
transitions. Heat capacity measurements provide enthalpy changes and indicate the
thermodynamic order of transitions. Differential scanning calorimetry (DSC) is a
popular technique for obtaining heat capacity data and AH of transitions. Another
technique that is widely used for the phase transition studies is the photothermal
technique.

Photoacoustic technique has been gained wide interest as a powerful tool for
the study of phase transitions in solids. The wealth of information contained in the
PA signal can be used to investigate the variation in the optical and thermal
properties of materials during phase changes. Florian ef al., [94] 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 K,SnClg were reported.

Pichon et al., [95] examined the specific heat anomaly of thermally thick
dielectric samples in the neighbourhood of a magnetic phase transition using PA
technique. R.G theory has been used to obtain relative values of the specific heat.
Results obtained with CrCl; and MnF, are given therein. In case of MnF; the
observed anomaly is comparable to that observed using conventional calorimetric
Iechniques.

By exploring the dependence of photoacoustic signal in the thermal

properties of the sample, Siquerra ef al, [96] demonstrated the usefulness of PA



effect for investigating phase transitions in solids. Their studies have been on
aluminium doped VO,. A theoretical model for the PA effect during a first order
phase transition has been described by Korpiun and Tilgner [97]. Bibi and Jenkins
[98] have reported observations of a first order phase transition in CoSiFg. 6H,O
using photoacoustic technique. The PA technique has been applied for the study of
series of phase transitions in tetra methylammonium tetrachloride cobaltate (TMTC-
CO) by Fernandez et al. [99]. But in practice gas coupled PAS at high frequencies is
virtually impossible due to very poor signal-to-noise ratios and microphone
frequency response limitations.

Extebarria ef al. [100, 101] have shown theoretically, using the Jackson and
Amer’s theory [102] and experimentally that the piezoelectric photoacoustic signal
is a function of sample specific heat only, and independent of thermal conductivity.
in the optically and thermally thick limits. This observation is indicative of further
restrictions on the opacity of the sample, in addition of high modulation frequency
requirements similar to the gas coupled PAS.

The PPE technique has been employed by different authors for the study of

phase transitions in solids [11, 12, 42, 103].
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Part C: Metal-Insulator transition in solids

1.8: Introduction

An early success of quantum mechanics was attributed to the explanation by Wilson
[104, 105] for the sharp distinction between metals and non-metals. In crystalline
materials, the energies of the electron states lie in bands, a non-metal is a material in
which all bands are full or empty. while in a metal. one or more bands are party full.
Any metal-insulator transition in a crystalline material is identified as a transition at
zero temperature from a situation in which bands overlap to situations when they do
not overlap.

Interest in a metal-insulator transition arose long way back in 1937. de Boer
and Verwey pointed out [106] that nickel oxide, a transparent non-metal, according
to the Wilson model, should be metallic because of the eight electrons of the Ni*”
ions would only partly fill one of the d-bands. Peierls said this must be due to the
corrclation and gave a satisfactory explanation of how this could occur. At the time.
it wasn’t known that nickel oxide was antiferromagnetic. as Slater pointed out in
1951 [107]. Slater suggested that an antiferromagnetic lattice can split the d-bands.
allowing all bands to be full or empty, making them insulators.

Mott [108-110] described a metal-insulator transition by imagining a
crystalline array of hydrogen-like atoms with a lattice constant ‘¢’ that could be
varied. The example of nickel oxide suggested that for large values of "a’, the
material would be insulating. while the example of monovalent metal like sodium

showed that for small values it would metallic. To satisfactorily explain the values
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of *«’ at which a metal-insulator transition can occur, Mott [108] made an
assumption that this would occur when the screened potential around each positive

charge

with the screening potential calculated by the Thomas-Fermi method. was just
strong enough to trap an electron. The transition would be discontinuous with
varying n and ¢ and there would be a discontinuous transition from the state with all
electrons trapped to that where all are free. It was found that this would occur when
n'a, =02 (1.38)

where # is the number of electrons per unit volume and ay is the hydrogen radius.
The Eq. (1.38) was applied with success to the metal-insulator transition in doped
semiconductors and the disorder resulting from the random posttions of the centers
being neglected. The disorder was believed to be the cause of the absence of a
discontinuous change in conductivity. However the success of Eq. (1.38) was
fortuitous if the many valley nature of the conduction bands of silicon and
germanium 1s taken into account, and also the central cell corrections, totally
different results are obtained [111-113].

The next important step in the development of the theory was the
introduction by Hubbard [114, 115] of a model in which the interaction between
electrons is included only when they are on the same atom, long-range Coulomb
forces being neglected. For large values of ‘a’, this model leads to an
antiferromagnetic insulator which splits the band, so that an electron’s energy lie in

a full band and an empty one [107]. However, Hubbard's work was criticized by
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Herring [116] for lack of clear recognition that low-density form s
antiferromagnetic. But work on ‘resonating valence bond’ materials by Anderson
[117] has shown that an antiferromagnetic lattice is not essential in the insulating
state.

When two bands exist, they are named as lower and upper Hubbard bands.
The metal-insulator transition then appears as a band crossing transition, from an
antiferromagnetic metal to an antiferromagnetic insulator. There is another
antiferromagnetic metal to normal metal transition and is one which is highly
correlated and this leads to the great enhancement of the electronic specific heat and
Pauli susceptibility, as first pointed out by Brinkman and Rice [118] and observed in
vanadium oxides. The Hubbard model, which does not include long range forces.
does not predict a discontinuous change in n, the number of carriers when long range
forces are included, as first shown by Brinkman and Rice [119]. For a crystalline
system, a discontinuity will always occur when a full and an empty band cross. as a
result of the long-range electron-hole interaction and whether the bands are of
Hubbard type or those generated by the crystal structure. Mott [120] has discussed
the conditions under which disorder can remove the discontinuity. Actually, in many
doped semiconductors, the transition is of Anderson type and not directly a
consequence of short-range (intra atomic) interaction, both disorder and long-range
interaction contributing to an equation similar to Eq. (1.37).

For disordered systems, a quite different form of metal-insulator transition
occurs - the Anderson transition. In these systems, a range of energics exists in
which the electron states are localized, and if at zero Kelvin, the Fermi level lics in

this range then the material will not conduct even though the density of states is not
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zero. The Anderson transition can be discussed in terms of non-interacting electrons
though in real systems, electron-electron interaction plays an important part.

Many systems are known to exhibit metal-insulator transitions. Mixed
valence perovskites are an important class of materials. In this subsection we give an
outline of properties of mixed valence perovskites and various theoretical models to
better understand the phenomena of metal-insulator transition found in these

materials.

1.9 Mixed valence perovskites: An overview

Mixed valence manganites with the perovskite structure has been studied for almost
60 years. The system offers a degree of chemical flexibility that permits the relation
between the oxide’s structure, electronic and magnetic properties to be examined in
a systematic way. Research on the manganites have revealed new phenomena such
as colossal [121] and dense granular magnetoresistance [122] and has led to the
formulation of important physical concepts such as double exchange {123, 124] and
the Jahn-Teller polaron [125, 126]. Early research was motivated by a need to
develop insulating ferromagnets with a large magnetization for high frequency
applications. More recent work has been driven by a desire to understand and exploit
the large negative magnetoresistance effects that appear above and below the Curie
temperature. The manganites also have potential as solid electrolytes, catalysts.
sensors and novel electronic materials.

Mixed valence oxides are represented by Ri.;,A.MnO3 (where R = La. Nd. Pr
and A = Ca, Sr, Ba, Pb) have been the materials of intense experimental interest.

Besides manganese, many perovskite structure oxides form with Al, Ga or other
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3d elements such as Chromium, Iron, Cobalt or Nickel. The rare earth orthoferrites
RFeOQ; is one example of a series of perovskite structure oxides. An exhaustive
compilation of data on perovskite-structure compounds by Goodenough and Longho
[127] was published in a 1970 Landholdt-Bornstein volume. The mixed valence
oxides can be considered as 3olid solutions between end members such as RMnQO;

and AMnOs, with formal valence state states R**Mn>* 03> and A**Mn* 05> leading
to mixed valence compounds such as (Rffx Ai“)(Mnf_‘x Mni*)03. The nominal

electronic configurations of Mn>* are Mn*" are 34" and 34” respectively. Chemically.
the system is characterized by the wide range of cations, which can occupy the A-
site in the perovskite structure, which may be set at the body centre or the cube
corner. The structure of mixed valence oxides can be considered as a cubic close

packed array formed of O} " anions and large A cations with small B cations in the

octahedral interstitial sites as shown in Fig. 1.5. The ideal cubic structures is
distorted by cation size mismatch and the Jahn-Teller effect, where by a distortion of
the oxygen octahedron surrounding the B site cation splits the energy levels of a 3¢/
ion such as Mn®*, thus lowering the energy. The distorted structures are frequently

orthorhombic.

a=b=c=0.388nm

Fig. 1.5: Idcal cubic perovskite structure ABOj for the mixed valence perovskites



The broad feature of mixed valence perovskites were described by
polycrystalline ceramic samples by Jonker and van Santen [128]. van Santen and
Jonker [129] and Jonker [130] in the late 1940s. They discussed the preparation.
crystal structure and magnetic properties of the (La;Ca,)MnOj; sertes [128] and
gave an account for the electrical conductivity [129]. Similar results were found for
the (La;,Sr,)MnO; and (La,.,Ba,)MnQ; series, but the range of solid solutions was
limited to x < 0.7 or x < 0.5 respectively. Magnetoresistance and other transport
properties were first described in 1954 by Volger [131] who showed that the
magnetoresistance of LaggSrg:MnO; is negative with a peak near the Curie
temperature.

The crystallographic and magnetic structure for the (La,..Ca)MnO;
compounds were determined in 1955 by Wolkan and Koehler [132] in a remarkably
complete neutron and X-ray diffraction study as a function of Mn'" content. In
particular, the neutron data revealed a very rich magnetic phase diagram where, for
different doping levels, there are three main regions. For small amounts of Mn'", the
compounds have essentially antoferromagnetic properties. For x = 0.3, they become
ferromagnetic, but for x > 0.5 they revert to antiferromagnetism upto the end
member CaMnO;. From magnetization and susceptibility results, Jonker [130]
concluded that the exchange is weakly positive (ferromagnetic) between the two 3d*.
Mn?* ions, negative (antiferromagnetic) between two 3d® Mn*" and positive between
a 3d* Mn" and 3¢® Mn"" ion, these measurements provided a first clear evidence for
a ferromagnetic exchange interaction in an oxide. Resistivity measurements also

revealed a strong correlation between electron transport and magnetic properties.

The resistivity is lowest for the x ~ 0.3 compounds corresponding to best
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ferromagnetism, where as high resistivity is associated with the antiferromagnetic
compositions.

An extensive study of flux grown single crystals of (La;.,Pb,) MnO; with
0.2 < x > 0.4 was carried out by Searle and Wang [133. 134], Morrish ¢t al. {135]
and Leung ef. al. {136] in 1969 and 1970. They found metallic conductivity below
the Curie point 7, and a large negative magnetoresistance effect of about 20% at 1 T
in the vicinity of 7, similar to that in polycrystalline (La,..Sr,) MnOs.

Interest in the mixed valence manganites revived in the 1990s, following the
preparation of high quality thin films with large magnetoresistance by von Helmholt
et. al. [137} and Chahara et al. [138]. Optimised films show remarkable
magnetoresistance effects near 7. that were epitomised by Jin et al. as the ‘colossal
magnetoresistance’ (CMR) [121]. The Curie point coincides with the metal -
insulator transition and there are associated anomalies in various physical properties.
It 1s seen that the x = 3 corresponds to the best ferromagnetism, where high
resistivities are associated with the antiferromagnetic compositions.

Despite intensive investigations of the CMR phenomenon, the nature of the
metal-insulator (M-I) transition remains an open question. The manganese oxides
are usually modeled by the double-exchange Hamiltonian that describes the
exchange of electrons between neighbouring Mn** and Mn** ions with strong on-site
Hund’s coupling. So the inquisitiveness as to the origin of the mechanism of the
effect, a great deal of effort is being devoted. Zener [123] paved the way by offering
first satisfactory explanation for this phenomenon. In the next subsection, we will
give an outline of the double-exchange model put forward by Zener to explain the

M-I transition.
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1,10 Double exchange model

Zener in 1951, offered an explanation for the behaviour of mixed valence
manganites with doping, in terms of his theory of indirect magnetic exchange
“between 3d atoms. Starting from the insulating antiferromagnetic RMnOj; end
member whose electrons are localized in the atomic orbitals, he gave an explanation
how the system should gradually become more ferromagnetic upon hole doping
(introduction Mn'"). He suggested that there will be an exchange of electron
between Mn* and Mn*" ion via oxygen and introduced the concept of simultaneous
transfer of an electron from the Mn’" to the oxygen and from the oxygen to the

neighbouring Mn*" as in Fig. 1.6. Such a transfer is called double exchange.

Mn;4 * 02 ) Mn3 +
3 pb a*
- - 4
Mn 3+ O2 Mn *
4 6 3
d P d

Fig. 1.6: Schematic diagram of the double-exchange mechanism. The two states

Mn*>*-Mn*" and Mn**-Mn*" are degenerate if the manganese spins are parallel

In the case of magnetic ions, the configurations Mn?* - 0% - Mn*" and Mn*"-
0>- Mn®" are degenerate if the spins of the 2d shells are parallel and the lowest

energy of the system at low temperature corresponds to parallel alignment of the



.spins of the two adjacent cations. Double exchange is always found to be
ferromagnetic unlike super exchange interaction that involves virtual electron
transfer and is frequently antiferromagnetic.

He considered that the interatomic Hund rule exchange was strong and that
carriers do not change their spin orientation upon hopping from one ion to the next.
so that they can only hop if the spins of the two ions are parallel. On minimizing the
total free energy of the system, Zener found that ferromagnetic interactions are
favoured when the magnetic atoms are fairly well separated and conduction
electrons are present. If the manganese spins are not parallel or if the Mn-O-Mn
bopd is bent, the electron transfer becomes more difficult and the mobility
decreases. It follows that there is a direct connection between conductivity and

ferromagnetism and a qualitative relation with Curie temperature has been proposed.

()

where x is the doping and « is the Mn-Mn distance, which agreed with the available

experimental results of Jonker and van Santen in the limited region 0.2 <x <0.4.
Anderson and Hasegawa [139] generalized the double exchange mechanism
by considering interaction between a pair of magnetic ion with general spin

direction. They calculated the transfer integral ¢, to be

1 =1, cos (9/2) (1.40)

where 1, 1s the normal transfer integral which depends on the spatial wave functions
and the term cos (8 /2) is due to the spin wave function and @ is the angle between
two spin direction. This is quite unlike super exchange when the coupling is

proportional to cos@. They also considered the problem of high temperature
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paramagnetic state of the manganites where the exchange energy is much larger than
the transfer integral and predicted that y should be Curie like, which contradicted the
experimental results showing Curie-Weiss behaviour. The point was corrected by
deGennes [140] who pointed out that the prediction is erroneous when the carrier

bandwidth is large with respect to k7. Double exchange therefore leads to normal

Curie - Weiss behaviour of the susceptibility s = 7 CT with 6p > 0.
~T,

It is seen that even though double exchange plays an important role for
metallic conductivity and ferromagnetism in these materials, it alone can't explain
all the aforementioned phenomena. It has been pointed out by various workers [141
-143] that other effects such as localization, electron-electron correlation, electron
magnon scattering, electron-phonon interaction etc., strongly modify the temperature
dependence of many physical properties. It will be an uphill task to give details of
all effects mentioned above. So we will give an outline of the localization

phenomena and describe the Anderson transition in detail, in the next subsection.

1.11 Theoretical models

Localization-delocalization phenomenon in the physics of amorphous solids
concerns the motion, not of atoms, but of electrons. Liquid-glass transition that
involves atomic motion can be visualized in a classical picture of molecular
movements, whereas the metal-insulator transition is an electronic phenomenon and
is intrinsically quantum mechanical in character. Moreover, important features of
this phenomenon represent conceptual departures from the traditional quantum
mechanical treatment of electrons in crystalline solids. In order to introduce some of

the main ideas and to place the issue of disorder induced localization in the context
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of other basic electronic phenomena, we present three popular models of atomic

scale metal-insulator transitions as given in Table (1.1)

Table 1.1: Major classification of metal-insulator transitions

Electron Wave functions

Transition : Characte.ristic ?ll::nMg:alt Criter.ion.for
Metal side | Insulator Energies o Localization
of side of Transition
Transition | Transition
Bloch Extended | Extended Bandwidth B Partly _
filled> all
bands filled
or empty
Mott Extended | Localized Electron- Correlation- U>B
electron (e’/r,) | induced
correlation localization
| energy U
Anderson | Extended | Localized Width W of the | Disorder- W>B
distribution  of | induced
random site | localization
energies
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1.11.1 Bioch theory of Metal — Insulator transitions

The first class of transition considered in Table (1.1) is one that is encompassed
within the Bloch or band theory framework for electronic states in crystalline solids.
Band theory is a one-electron independent particle theory that assumes that there
exists a set of stationary states available to any one electron and that all of the
electrons are distributed among these states according to Fermi-Dirac statistics. The
states , are given by the solutions of a Schrodinger equation Hy = Eiyu In

which the Hamiltonian operator H is given by the sum of electronic kinetic energy

term — =[—ﬁi)(%] and a crystal potential term V(x), to account for the
interaction of one electron with all other particles in the crystal. Since V (and
therefore H) i1s periodic in space with the translational periodicity of the crystal
structure, V(x + a) = V(x), where « is the lattice constant.

In the Bloch (or more properly the Bloch-Peierls-Wilson) theory of electrons
in crystals, a solid is an insulator if each band is either completely filled or
completely empty and it is a metal if atleast one band is partly filled. At zero
temperature, (which is often assumed for the purpose of making a perfectly sharp
metal - insulator distinction), all states lying lower in energy than the Fermi energy
E;- are occupied by electrons, while all states lying higher than Er are empty. For a
metal, the band structure and the number of electrons are such that £ lies within a
band. which is only partly filled. For an insulator Er lies between the bands and

there is an energy gap separating the highest lying valence band and the lowest lying

empty conduction band. This is very clearly illustrated in Fig (1.7)
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The type of metal - insulator (M-I) transition envisioned in the first row of
Table (1.1), is illustrated by the schematic band structure shown in Fig. 1.7. A
crystalline material, composed of atoms with even number of electrons, sufficient to
populate an integral number of bands, close to the Fermi level either just overlap in
energy or just miss overlapping. A small change in pressure or temperature may
cause the crystal’s band structure to cross over to the other situation. Such a band -
overlap M-I transition occurs in Ytterbium, in which a variation in pressure produces

a cross over between band structures of types ‘a’ and ‘b’.

(a) METAL (b) INSULATOR
E
S
J ]
0 r 0 r
o] a

K — K—

Fig. 1.7: Metal-insulator transition within the Bloch theory for electrons in crystals

As indicated in Table (1.1), on the both the metallic and insulating side of the
above type of transition, the electronic wave function in the vicinity of £y
correspond to “extended’ states. Such wave functions have appreciable amplitude

throughout the solid. For a crystal, the Bloch functions have the form as in Fig 1.8.

The solid line in the figure represents the recal and imaginary part of w, while the

47



dashed line indicates the plane-wave envelope corresponding to the wave vector

eigen value k . For amorphous solids, & is not a good quantum number, since the
validity of Bloch-function depends upon the presence of crystalline long-range
order. Long-range order is totally absent in amorphous solids and this is an obvious

way in which band theory breaks down for amorphous solids.

Fig. 1.8: A Bloch type extended wave function as in a crystal

Before proceeding to the discussion of disorder-induced localization and the
Anderson transition, it is useful to introduce the concepts involved in another type of
M-I transition, contributed to condensed matter physics by Sir Nevill Mott. The
Mott transition [144, 145] is philosophically and physically related to Anderson
transition. Philosophically both transitions are dramatic demonstrations of situations
in which the conventional theory (Bloch functions, band structures etc) used for
electrons breaks down. Band theory, often successful in explaining the electrical and

optical properties of crystalline solids fails completely in these situations.
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1.11.2 The Mott transition

The Mott transition illuminates a regime in which the one electron or independent
particle theory of solids fails, within a crystalline material. In quantum mechanical
calculations for electronic states in a crystal, standard procedure is to assume that the
atomic nuclei are fixed in position on the sites of a crystalline lattice. But suppose
we set "¢’ at a very large value, then in the independent particle theory. as the
translational periodicity is retained, the one electron solutions are still Bloch
functions, the highest band is only half filled and the material is still predicted to be
a metal. But this is not true as we are dealing with a set of isolated atoms and the
true solutions must be just the atomic solutions. The above argument shows that the
band theory fails in the atomic limit a — o for a system with a half- filled highest
band.

The physical reason for this failure is disclosed with the aid of Fig. 1.9.
There are two electronic configurations that in the independent electron picture,
have the same potential energy. In configuration ‘b’ of Fig. 1.9, two of the outer
most or valence electrons have been shifted from their positions in ‘a’ to
translationally equivalent positions in another unit cell. Because of the translational
periodicity of the crystal potential V(r) which approximates the average interaction
of each electron with all of the other 10** charged particles in the solid.
configurations ‘a’ and ‘b’ have the same potential energy in the independent particle
picture. This is manifestly unreasonable as configuration ‘b’ has a substantially
higher energy than ‘a’ because of the repulsive Coulomb interaction among the

valence electrons. This energy cost associated with the electronic crowding in ‘b’. is
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a ‘many bhody effect’ that is left out of the independent particle picture of one

electron theory.

(a) (b)

Fig. 1.9: Two electronic configurations within a four-unit cell region of a crystal

One electron theory is therefore unable to discriminate against configuration
as (b), since it does not perceive their extra energy vis-a-vis configurations such as in
(a). In a real solid, however, the electrons definitely do tend to correlate their
movements in order to avoid such energetically unfavourable mutual proximity as in
Fig (1.9a). The amount by which band theory overestimates the ground state energy
of the system because of this neglect of electron correlations is called the correlation
energy. The point embodied by the Mott transition concept is that the correlation
enérgy can under certain conditions cause a solid to have an insulating ground state
when the neglect of correlation band picture would erroneously predict it to be a
metal. Such a solid 1s called a Mott Insulator. An example is NiS; and the condition

required for its occurrence is described in Fig. 1.10.
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TRANSITION
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Fig. 1.10: Schematic picture for the Mott transition

In this figure, the atoms are represented by potential wells and single valence
electron of each atom occupies, in the isolated atom limit, a bound state energy level
that is indicated on each atomic well by a horizontal line. In the crystal, the level
gives rise to an energy band of band width B. Relative to the energy level of free
atom, the crystal band extends in energy from roughly —B/2 to + B/2. This lowering
in energy relative to the free atom is responsiblé for metallic cohesion. It arises from
a lowering of kinetic energy that is achieved by the delocalization of the electrons
into extended states in the crystal. Delocalization smooths the wave function
oscillations and thus reduces the V- kinetic energy contribution to the total encrgy.
This energy lowering is relatively ineffective when there is little overlap between
orbitals on neighbouring atoms. B thus decreases with increasing lattice constant "¢,

as suggested by Fig. 1.10 and the bandwidth vanishes in the ¢ — o limit.



In figures 1.10(a) and 1.10(b). single horizontal line at each well denotes the
energy level of the valence electron of the isolated atom. This energy level is doubly
degenerate and this view neglects the e2/1‘|2 interaction. In the case when two
electrons occupy the same site, repulsive interaction dominates and raises the energy
and this occupation number dependent feature introduced by e¥/ry,. It is represented
by an equivalent two-level diagram shown in Fig. 1.10(c). Two levels are associated
with each site. The lower level, which corresponds to the level used in (a) and (b) is
available to the first electron to occupy the atom. The upper level exists only when
the lower level is filled and is lifted by the amount U and is available to the second
electron to occupy the site. Hence the delocalized wave functions and the failure of
electrons to maximally avoid each other, introduces an average potential energy cost
per electron of U/4. Since the average kinetic energy incentive for band formation is
B/4. it follows that the correlation cost exceeds the delocalization gain if U > B This
is the condition for the occurrence of a Mott insulator. 1.e., U > B represents the
criterion for correlation induced localization

If this inequality criterion is satisfied, then electrons are localized. Unlike the
Bloch type of metal-insulator transition (in which extended states apply to both
sides). the Mott transition is a delocalization—localization transition for electron
states. It occurs as implied in a¢<>b, when a change in interatomic separation causes
a cross over in the relative importance of the two characteristic energies of the
valence electron system the bandwidth B and the electron-electron correlation
energy U. The Mott transition is an exemplary embodiment of a recurrent theme in
condensed matter physics. Electron localization in the low density limit signals the

triumph of potential energy over kinetic energy in that regime. The kinetic energy



cost of localization becomes negligible in comparison to the coulomb interaction and
the electrons from a lattice to maximally avoid each other inorder to minimize the

totally dominant potential energy.

1.11.3 Disorder induced localization-Anderson transition

Thg type of metal insulator transition that is most relevant to amorphous solids is the
Anderson transition. Here the insulating side of the transition corresponds not to
extended states in filled bands as in a Bloch type transition in crystals, but instead to
electron states which are localized. The meaning of localized states is indicated in
Fig. 1.11. The wave function is concentrated near a centre composed of just few

atoms and has negligible amplitude elsewhere in the solid. Away from the small
regions that contain essentially all of its integrated possibility J.lu/t:a’r. the

amplitude spatially decays away with distance. This behaviour is schematically

shown by the dashed line wave functions envelope in Fig. 1.11. and falls off as ¢™"

at large distances R from the localization centre. The quantity « is an important
parameter for a given localized state known as inverse localization length.

In crystalline solids. localized states are often introduced by chemical
impurities. An illustration of Anderson transition is shown in Fig. 1.12. As in the
case of the Mott and Wigner transitions, electron localization in the Anderson
transition reflects the passage to a regime in which the potential energy pins over the
kinetic energy, while the ae>b delocalization-localization transition in Mott case of
Fig. 1.10 occurs via the kinetic energy considerations with decreasing band width at
low densities. In the Anderson case of Fig. 1.12 it occurs via the superposition of

disorder-induced potential energy of sufficient depth.
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Fig. 1.12: One electron tight binding picture for the Anderson transition



Here the potential wells representing the atomic sites are no longer all the
-same. Instead. the well depths vary from sites in a random way. Such a disordered
potential is present in an amorphous solid. Instead of single well depth as in a
crystalline case, there is a distribution of well depths. ¥ denotes the width of this
distribution. which specifies the energy range of the disorder-induced spatial
fluctuations of the potential energy seen by an electron at the atomic site.

The competition between kinetic energy and potential energy influences on
the electron states now resides on the ratio W/B; W the magnitude of the random
potential and B. the crystal bandwidth in the absence of disorder are the two relevant
characteristic energies. Anderson showed that when the dimensionless parameter
w/B is sufficiently large, all of the states in the valence band are localized. i.e.. Il >
B denotes the disorder-induced localization

Andersen’s model is a quantum mechanical calculation that invokes a tight
binding independent electron picture, which corresponds to Fig (1.12b). Unlike the
Mott insulator, in which the extended states predicted by an independent electron
picture are overturned when electron-electron correlation is introduced. Anderson
localization appears as a consequence of disorder in a purely independent electron
picture.

The notion of disorder-induced localization was subsequently extended by
Mott and others [146. 147]. When the disorder is great enough for I¥/B to satisfy the
Anderson’s criterion. all of the states in the band become localized. Mott pointed out
that even for smaller degrees of disorder, states in the tails of the band are localized
as in Fig. 1.13 and the energies for which states are localized (the shaded regions)

correspond to the tails of top of the valence band and bottom of the conduction band.
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Within each band. the states are extended. As shown in Fig. 1.13(b). the demarcation
encrgies separating regions of localized and extended states are referred to as
mobility edges. The Anderson transition then refers to a localization—delocalization
transition in which a change in composition, pressure, applied electric field etc.
pushes the Fermi level through such a mobility edge. The energy separation between
the mobility edges of Fig. 1.13(b) is called the mobility gap [148]. It plays a rolc.
with respect to the electrical properties of amorphous semiconductors that is similar

to the role played by the energy gap in a crystalline semiconductor.
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Fig. 1.13: Schematic density of states diagram for a crystalline and amorphous
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Even these models couldn’t successfully explain the M-l transition
phenomena found in mixed valence perovskites. Based on the strong electron-
phonon coupling in these materials, Mills [149] er al.. proposed that the M-I
transition involves a cross over from a high-7 polaron dominated magnetically
disordered regime to a low-T metallic magnetically ordered regime. Now. some
authors have concluded that M-I transition in CMR materials is the Anderson
transition - a quantum phase transition, driven by magnetic order, because quantum
localization effect plays an important role in the system around and above the

magnetic transition.

1.12 Review of experiments

In the first study of mixed valence perovskites, van Santen and Jonker {129] and
Jonker [150] have reported resistivity measurements on ceramic samples of
(La;.;Ay) MnO; (A= Ba, Ca or Sr), as a function of temperature and composition.
Their main result was the striking correlation between the magnitude of the
resistivity and the magnetic state of the compounds. Outside the ferromagnetic
concentration range, resistivities are high and thermally activated, but a resistance
anomaly appears around 7. for the ferromagnetic compositions, where there is a
transition to metallic like conductivity.

When Volger [131] discovered the large negative magneto resistance effect
near 7. in 1954, he showed it to be isotropic-independent of the relative orientation
of the current and the field and frequency dependent. He also made the first
measurements of Hall effect, thermopower and specific heat. The single crystal

magnctoresistance measurements reported 15 years later for the (La;Pb,) MnOj;



E system [134], showed the effect to be quite substantial, with a 20% decreasc in
f res;'slivity at 310K in an applied field if 1T. Twenty more years elapsed before the
effect was rediscovered, at a time of interest in using magnetoresistance in sensors
operating at room temperature. The largest magnetoresistance for the manganites

usually appears near 7, that can be above room temperature for some compositions.
Examples are La-Na or La-K with x = 0.15 [151-153]; La-Ba, La-Pb or La-Sr with x
~0.3. The resistivity peak temperature 7,,, almost coincides with T, for crystals with
‘x=0.3. The saturation magnetoresistance in the vicinity of 7. is bounded by a drop
in resistivity below 7¢, which depends in turn on T itself [154, 155].

Volger [131] in his first measurements of the Hall effect in (La,..Sr,)MnO;.
obtained a very low value for mobility in the paramagnetic state. The Hall
coefficient is negative and the deduced electron concentration contradicts
thermopower measurements. In the ferromagnetic state, Volger reported that the
extraordinary Hall effect ts small and negative and the upper limit obtained for
mobility is only 10° m? V' 57, Thirty years later, Tanaka er al. [156] reported Hall
effect measurements on polycrystalline (LagsCag2) MnOs. Because of the smallness
of the signals, only an upper limit on the mobility edge could be estimated as 7x10 o
m2V 's ! at 300K. A similar mobility was measured in a crystal of (NdysPbys)
MnO; near 7, [157] and a carrier concentration of 5 x 10°® m ~ below 100K was
deduced. Liu er al., [158] reported successful Hall effect measurements on single
crystals of Lages(PbCa)o3sMnO3 at SK where the resistivities were in the micro
ohm- meter range. The inferred electron density is typically metallic with ny; = 107

m™. The result is consistent with the density of states deduced from low temperature
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heat capacity measurements that lead to a metallic density of states for a range of
polycrystalline samples {158].

Measurement of the electric field induced by a temperature gradient across a
sample provides complementary information to the resistivity. These have been
many measurements of the thermopower (S) of samples with x = 0.3, which exhibit a
metal-insulator transition [131, 159, 167]. There is strong magnetic field dependence
of S in the vicinity of T, which demonstrates that carriers are magnetic in character.
When a large positive anomaly is observed around T, the thermopower is reduced
by the field [159, 165, 168]. At higher temperatures, when the thermopower has
become negative, the effect of the field is to reduce its absolute value {162]. Well
above T, the magnetic field has little effect on S, and it is thought that transport is
due to hopping and dielectric polarons [164].

The pressure dependence of S has been measured by Zhou and co workers
[164.169]. who found that the large positive bump across 7T is reduced in magnitude
as the Curie temperature is increased by pressure. Thermopower measurements were
carried out across the entire composition range for (La,.,Sr,) MnO; [131], (La,..Ca,}
MnQj [170] and (Pr.,Ca,} MnO;3 [171] series. The Seebeck coefficient of Ndy s(Sr.
Pb)y sMnOs is negative for T > 100K {165]. Likewise those of (La;Ca,) MnO; and
(La;.Sry) MnO; become negative for x > 0.25 [172-174]. Cation deficient
(LéMn)l.@O; shows a positive thermopower at all temperatures, indicating that the

holes are produced by cation deficiency [166, 175].
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1.13 Variation of thermal conductivity and heat

capacity during an M-I transition.

1.13.1 Heat capacity

The heat capacity of several ferromagnetic manganite compositions with x = 0.3
have been measured at low temperature [176-178]. There are also low temperature
data on (La,..Sr,) MnO; [176] for 0 < x < 0.3 and nonstoichiometric LaMnO; [179)
as well as data as (La,..Ca,) MnO; for 7> 50K [180] and (Lay sCag2) MnO; for 7>
100 K [181]. In compounds of magnetic rare earths, the low temperature specific
heat is dominated by single ion excitations of the rare earth.

By fitting low temperature data on x = 0.3 compositions of a nen magnetic
rare earth to just an electronic and a lattice term, of the form,

C=yT+pT" (1.41)

Coey and co-workers [182]} deduced y = 5-8 mJ mol'K 2 which corresponds

to a density of carriers at Fermilevel N(E,. )= 3y , of about 4 x 107 m7 eV ™.
! k
B

This is a relatively high value for a metal, but the value of yis uncorrela:ad with the
residual resistivity p, that varies by several orders of magnitude in these compounds.

The low temperature heat capacity of the stoichiometric LaMnO; and end
member has been fitted with 7~ 2, T’ and T° terms, with the latter being ascribed to
two-dimensional ferromagnetic magnons. A comparison of the two cation deficient
(LaMn),_,O3; samples, one ferromagnetic and other antiferromagnetic. shows an

unexpectedly large heat capacity at low temperatures in both cases. y i1s>20 ml
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mol” K for both cases, which has been ascribed to a high density of localized states
below the mobility edge [179].

Heat capacity anomalies have been observed in the vicinity of the Curie
temperatures for (La;..Ca,)MnO; system, where a typical lambda anomaly is
observed or x ~ 0.33 [180.,181]. The associated entropy of 0.4R In2 per mole is
attributed to the spin disorder entropy contribution due to charge localization above
T.[180]. Heat capacity anomalies appear at the two-phase transition in samples with

x 2 0.5, one of which is associated with charge order and also at the O — O

structural transition [181,182].

1.13.2 Thermal conductivity

It has been reported that like the electrical conductivity, the thermal conductivity K
exhibits an anomaly in the vicinity of T that can be modified by applied ficld [183].

It increases by 30% in 6T at 265K. An unusual positive temperature coefficient

d%T> 0 above T. is associated with scattering from large dynamic lattice

distortions accompanying charge transport near 7, in the msulaling pnasc. Therme
diffusivity has been measured in (Lag ¢1Cag33) MnO3 [184], where there is a broad
dip ncar T, related to K and the magnetic part of the specific heat.

Chen et al., [185] measured the magnetothermal conductivity behaviour of
polycrystalline (LagsCap2)MnO3. The temperature dependence of the thermal
conductivity displays a striking dip, while the resistivity and the thermopower have a
peak near 240 K. The temperature and field dependences of the thermal conductivity

are attributed to the scattering of phonons by spin fluctuations.
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CHAPTER 2

Experimental techniques

2.1 Introduction

Complete characterization of thermal properties of a material requires the
determination of thermal transport properties such as thermal conductivity as well as
speciﬁc heat capacity. Conventional techniques used to measure thermal
conductivity include the well-known steady state and transient methods [1-3].
Comparatively large size samples, typically greater than 5 mm’ are needed for these
measurements, in order to obtain a reasonable signal-to-noise ratio, leading to
considerable temperature gradients being set up in the sample. These drawbacks
make these techniques unsuitable for studying critical thermal conductivity
behaviour near phase transitions. But, techniques for high-resolution measurement
of the specific heat capacity, on the other hand, are well established [4, 5].
Photothermal techniques have been applied to the measurement of thermal
parameters of liquids and solids. Configurations with a gas-microphone [6] and
piezoelectric transducer [7] have been used depending on the experimental
conditions. It has also been shown, under particular operating conditions that
photoacoustic {(PA) technique allows for simultaneous determination of specitic heat
(¢p), thermal conductivity (K) and thermal diffusivity (a) [8]. Due to small
temperature perturbations introduced in the sample by this technique, it has been

possible to use PA technique to study the dynamic as well as the static critical



phenomena associated with thermal parameters near a liquid crystal phase transition
[9] For low temperature studies, some restrictions are imposed on the use of the
fﬁas-microphone photoacoustic methods and considerable complication arises in the
;ecll design due to the presence of coupling fluid. These restrictions and
f;bomplfcations are not present in configurations involving a pyroelectric detector.

t which therefore seems more appropriate for such studies.

£

i

é Photopyroelectric technique has been used for the measurement of the
i;‘?lhermal diffusivity (a) and heat capacity (c,) of solids at room temperature using a
f photopyroelectric (PPE) detector [10, 11]. Use of this technique for the simultaneous
| determination of thermal diffusivity, thermal effusivity, thermal conductivity and
heat capacity as a function of temperature would be highly informative since it
would allow studies of critical behaviour of thermal parameters when the material
undergoes a transition. Marinelli er al. [12] were quite successful in developing a
technique for determining the thermal diffusivity, thermal conductivity and specific
heat capacity simultaneously at low temperatures with the pyroelectric detector kept
in vacuum. At temperatures above room temperature, the boundary conditions
involved in the theory of this method are not easy to satisfy. so that application of
the method can lead to errors in measurement.

In this chapter, we give details of a photopyroelectric technique for the
simultaneous determination of thermal conductivity and specific heat capacity near
solid-state phase transitions using a pyroelectric detector kept in contact with a
thermally thick backing medium. The PPE technique has some distinct advantages

such as its extreme simplicity, good sensitivity and ability to perform nondestructive

probing over other photothermal methods. PPE spectroscopy is technically less
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complex and less expensive than photoacoustic spectroscopy. In this measurement,
the sample is heated by a modulated light source on one side and the temperature
oscillations on the opposite side of the sample are detected by a pyroelectric
detector, supported on a copper backing. We try to measure all these thermal
parameters above room temperature with the pyroelectric detector kept in contact
with a thermally thick backing medium. Since the PPE signal depends on the
properties of the detector, which are also temperature dependent, an accurate
temperature calibration of the system need to be carried out. The advantage of a
thermally thick backing is that there will be sufficient heat exchange between the
heated pyroelectric detector and the backing. so that the signal fluctuations are
reduced to a minimum. This method can in principle, be adapted to all temperature
ranges for all samples and is not limited by thermal properties of the sample.

A brief outline of the principle of the method and the theory involved,
experimental details, details of detector calibration and results on few selected
samples are given in the following sections. Results on triglycine sulfate (TGS). a
sample that undergoes a para-ferroelectric phase transition above room temperature
are presented. A discussion of the applications and advantages of the technique is

given at the end.
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2.2. Simultaneous determination of thermal

conductivity and heat capacity by PPE technique

2.2.1 Principle of the technique

The photopyroelectric effect is based on the use of a pyroelectric transducer to detect
the temperature rise due to periodic heating of a sample by induced light. A one-
dimensional geometry of the type shown in Fig. 2.1(a) is assumed where g, s, d and
b refer to the gas medium in front of the sample, the sample, the pyroelectric
detector and the backing medium of the pyroelectric detector respectively.

The temperature variations in the detector give rise to an electrical current,

which is proportional to the rate of change of the average heat content, given by [13]

,;,:pA[‘”“)] 2.1)

where P is the pyroelectric coefficient of the detector, 4 is the detector area and

6(1)= (-Ll—j je(x,z)dx (2.2)

d
is the spatially averaged temperature variation over the detector thickness, Ly.

Now, bearing in mind the fact that the observed signal output is affected
by the impedance of the detector and subsequent detection electronics, we consider
an equivalent circuit shown in Fig. 2.1(b). Here the pyroelectric detector is described
as an ideal current source with a parallel leakage resistance R, and a capacitance Cy
supported on a backing having an equivalent parallel load resistance R, and
capacitance C,. while the detection electronics is represented by an input capacitance

C. and a parallel load resistance R,. Since the backing material is assumed to be of
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copper. the resistance and capacitance values of the detection electronics get altered

depending on the resistance and capacitance values of the backing.

Light

/N

Fig. 2.1(a): One-dimensional geometry of the PPE set up
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Fig. 2.1(b): Equivalent circuit for the (i) photopyrolectric transducer (ii) the copper

backing and (ii1) the detection electronics
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For an optically opaque sample and pyroelectric detector. the complex

amplitude of the output signal in frequency domain is given by [13]

j21f PRAO(f)
(+jf/£)

fo)=( Jawﬂj2ﬂf?) 2.3)

where fo=

1 1 1 1
, with Ez[_+F+F] and C=(C,.C,+C,) and fis the

o h ¢

27 RC

modulation frequency.

The function € (f) is given by [12]

1Bn(b, .7, +] ){[ex[{(1+ i) %Jj—l:‘(b,,‘, +1)—[1—exp(—(1+ J) %lﬂ(b,,,, -1)}
AL e 2jf
(1 +1)( /f/J K\»[ﬁ\- X f) X

0(f)=

(2.4)

where

i [—‘ 1+ . [
X=("‘*'“){(”M”deﬁoe“ Ve sl -1 } 7,

o
b “){(b” eV oy 1) 1) }/

(2.5)
The subscripts refer to the respective media indicated in Fig. 2.1(a). In

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

al

4,= |— = the thermal diffusion length of the respective media with
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(i=s,d, borg);
—_ ﬂYL.\' ‘[L‘.\
7-"'((1+j)) %

a . . . .
fa= L’, = critical frequency at which the respective medium goes from a
L,

thermally thin to a thermally thick regime.

Li= thickness of the respective medium

e . I . .
b,=— = ratio of thermal effusivities of the media / and j

e

!

B,= LI optical absorption coefficient, u, being the optical

Hy,

absorption length of the respective medium.

s = fraction of absorbed radiation converted to heat (nonradiative

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

For a thermally thick sample, with ;< Ly, and thermally thick pyroelectric,
with s < Ly, the expressions for the PPE amplitude and phase give expressions for
the values of the thermal diffusivity and effusivity, which allow a simultaneous
determination of thermal conductivity and heat capacity if the sample density p, is

known.

The expressions for the temperature dependent PPE amplitude and phase

under the above conditions are given by
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A

V(f.T)= —1",'7"'“",—[ (1) J Ve, (2.6a)
Lo ] J\Pa(T)e p(T) (ﬂ)"”J
eu(T)

o(f. T)——Ian_'( ) (1/ /(T)) (2.6b)

where T is the temperature and c,; and p; are the heat capacity (at constant pressure)
and density of the PPE detector respectively.

From these two expressions, it is clear that the sample thermal diffusivity «
can be calculated from the phase of the PPE signal, which when substituted in the
expression for PPE amplitude gives the thermal effusivity of the sample. From these
the thermal conductivity and heat capacity of the sample can be calculated from the

following relations
K(T)=e(T)Ja(T) (2.7a)

e(T) (2.7b)

T)=— o0/ _
T aT)

Since all the parameters in equations (2.6a) and (2.6b) are temperature
dependent, a temperature calibration of the PPE detector is necessary here. All the
thermal parameters can be calculated as a function of the sample temperature.

provided the temperature dependence of the pyroelectric detector parameters are

known.
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2.2.2 Calibration of the set up

In order to determine e, (7T) and «; (7) from the PPE amplitude and phase we need to

P(T)

know the temperature dependence of f,, e, and the factor —————— after
pd(T)C,,d(T)

considering the backing medium as thermally thick in the present experiments.

2.2.2(a) Frequency dependence of PPE signal

Fig. 2.2 shows the room temperature PPE signal amplitude versus frequency
obtained using the pyroelectric transducer itself as the sample. Each point in the
graph is an average of four measurements. Error bars are indicated and the
maximum error in each measurement is less than 1%. The sample is considered to be

thermally  thin  within the scanned frequency range such that
ex;{t(l+j)[v”%JL_\le. The backing material used is copper and the

equivalent resistance and capacitance of the detection electronics are 100 M) and
800 pF respectively. Moreover, since the transducer is in air, by, >> 1.

So, application of these two conditions in Eq. (2.3) and (2.4) reduces the equation to
a more simplif'ned form.

If we define

-
F(f)=]e""% (b, +1)+e ‘*/‘ﬂ* (b, — :lcosﬂ (2.8a)
L
sin

I F
Fz(f) = e"/fd (bhd + 1) /f' M j] (2.8b)
and K = APRI,n. (2.8¢c)
S 2p.c,L,

Equation (2.3) gets simplified to



F,

Fl(f) - 2b,, )2 + (Fz (f))2 ] (2.9a)

v(f)= ” z(( RUY + RUY

fe

¥

o(f)=tan™' {E—(f};—gg} ~tan”' {I;jgﬂ ~ tan”™' (—ff—} (2.9b)

In a frequency region, where f>> f4, pyroelectric detector is thermally thick

and f>f.. so that the approximation  exp (-— J% J~0 and
el

[1 + (%JT 2~%( can be made.
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Fig. 2.2(a): Variation of PPE amplitude with frequency of PVDF film
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Fig. 2.2(b): Variation of PPE phase with frequency of PVDF film

So substituting these in Eq. (2.9a) we get

v(r) ~ F (’%] (2.10)

The data in Fig. (2.2) shows frequency dependence according to Eq. (2.10) for
frequencies greater than 20 Hz, because we are using a 28 pm PVDF film in our
measurements.

On the other hand, if f << f. and f << f.4 (thermally thin pyroelectric), it can

be assumed that exp(i- /f/f ) =1z ’fi . Bearing in mind that when /<< f... bpy
wd )

>> 1 comes to play as in the case of copper as the backing medium and from Eq.

(2.9a). the PPE signal amplitude becomes
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el
V(f)~bM /f, 2.11)

So a slope of 0.5 is clearly evident in Fig. (2.2) for frequencies smaller than 20 Hz.
These two observations confirm the validity of the theory developed from the
simple equivalent representation of the pyroelectric detector and the detection
electronics and suggest that f.; and f. should be in the frequency range between 10
Hz and 20 Hz to make the sample and pyroelectric to be thermally thick. Also. since
/! dependence for PPE amplitude for f > 20 Hz, indicates that bsy remains
essentially constant over the temperatures of interest, so that we can assume the
room temperature value of by, to be valid throughout the entire temperature range.
Similar frequency scans using a #PVDF pyroelectric transducer in contact

with an optically opaque and thermally thin sample (very thin metal electrode) using

air as the backing medium (b,;~ 0), have been reported by Coufal er al. [14]. They
observed nearly constant PPE signal amplitude in the frequency region where f <<
feqand f << fe.. But for bz ~ 0, substitution in Eq. (2.9a) gives

() ——D (2.122)

v (ff}

and ¢{f) = —tan"(f/fw] (2.12b)

which is the frequency response of a low pass filter with f, as the cut off frequency.
From Eq. (2.12a), it follows that the PPE signal amplitude remains constant even in
the region where the transducer is thermally thin. This means that even if the thermal
diffusion length in the pyroelectric is greater than the thickness of the pyroelectric.

there is very little heat exchange with the backing medium.
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P.Z 2(b) Temperature calibration

P(T)

——————— appearing in Eq. (2.5a) can
P.(T)c (D)

$
?The temperature dependence of the factor

'be isolated by considering the case of a thermally thin PVDF film as the sample on a

fthennally thin detector, as considered above. The modulation frequency in this
Ecalibralion is limited to less than 20 Hz to ensure that both the PVDF film as well as

f the detector is thermally thin. Since we are considering a thermally thin sample. the
]

¥

" effect of the thermally thick backing with the condition b5, > 1 must be incorporated

into Eq. (2.4). Then the general expression for the PPE amplitude (Eq. 2.4); Then
APRIn \( /. 4b,,
vif)=| 280 (pr-—”’—} (2.13a)
2,0./",»(/[“/ S/ S f)]

with |S,(f)| =exp( ]j/f./)b,,(, cos( /%I) (2.13b)

It is clear from this expression that the parameter b,y is a decisive one in the

; .

calibration of the detector.

Fig. (2.3) shows the temperature variation of PPE amplitude and phase in the
temperature range —173 °%C to 65 °C. As seen from Fig. (2.3), the phase of the
pyroelectric detector remains essentially constant with temperature in the
temperature range of interest, so that the temperature dependence of f; can be
neglected.

Since the equivalent resistance of the detector has a constant value at room
temperature, the temperature dependence of the amplitude of the PPE signal is

P(T)
pd(T)C,u/(T)

assumed to be entirely due to the factor
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Fig. 2.3: Temperature dependence of PPE amplitude and phase of a PVDF
film

On normalizing the amplitude with respect to the room temperature value where all

the detector parameters are known, we get

PT) _\_[nm)l _ P(Ty) .14
PATICa(T)) V(T pATy)cp(Ty))
where T} is the room temperature. The variation of _ P in the temperature
p(/(T)cp(/(T)

range of interest is shown in Fig. (2.4).
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In order to determine the temperature dependence of e, the thermal effusivity of the
pyroelectric detector, we consider a thermally thin sample (u; > L;) whose thermal

parameters are known at all temperatures of interest and satisfying the condition

exp[t[ff )J =1+ ,ff . As a thermally thin sample, we have used a brass disc

of thickness 0.6 mm and the frequency of measurement is kept at a value less than

20 Hz. At this frequency the pyroelectric detector is also thermally thin so that

exp[i(%l)]z 1+ ,ff-/' The variation of the thermal effusivity of PVDF

detector with temperature is found out by considering Eq. (2.3) and applying the

above condition with by > | so that the expression for PPE amplitude becomes
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APR[OU\ (/;j[ 4b,l,d } 1 -
V(T)=| ——2te i 2 i)~ (2.15a)
[2p‘,cmldj S ST ININ2A(T )+ 24(T ) +1 :

with  A(T )= p\(T)c,,\(T)LA \/;7 (2.13b)
e T)

From this expression the variation of thermal effusivity of PVDF detector
with temperature throughout the temperature range of interest has been calculated.
This is also plotted in Fig 2.4. It is seen that the value of e, is in good agreement
with the value already reported in literature [15], proving that the assumptions made

-are correct.

2.3 PPE spectrometer

In this subsection, the experimental set up for the photopyroelectric technique is
described. The application of this technique for the determination of thermal
diffusivity (a)., thermal effusivity (e), thermal conductivity (K) and heat capacity (¢,)
are outlined in detail.

A basic PPE spectrometer consists of a radiation source of sufficient
intensity, a light intensity modulator, PPE cell in which the sample is placed with the
PPE detector and a signal-processing unit. The basic instrumentation has been
modified by different workers depending on their application areas. Details of
various models in a PPE spectrometer, including those of our set up are outlined

below.

2.3.1 Radiation source

The important parameters for the selection of the light source are the available

power per usable bandwidth, the wavelength range, tunability and the ease of
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intensity modulation. Both coherent and incoherent sources are widely used. Arc
lamps and lasers are the popular types of light sources currently used in PPE
experiments. Continuous tunability from infrared to ultraviolet can be provided by
suitable lamp-monochromator combination. High-pressure Xe arc lamps, high-
pressure Hg lamps, tungsten lamps etc. are the commonly used incandescent
sources. The relatively low bandwidth-throughput product is the major drawback of
these sources. Since the strength of the PPE signal is found to be proportional to the
intensity of radiation, optical sources should have high spectral radiance. The high
peak power available from pulsed lasers is especially attractive for measuring very
weak absorption, but the limited tunability is the main drawback of laser sources in
PPE experiments.

In our experiments we have used a 120 mW He-Cd laser of wavelength A =

442 nm, as the optical heating source.

2.3.2 Modulation

For the generation of PPE signal, modulation of the incident light beam is essential.
Either amplitude or frequency of the incident beam can be modulated. Amplitude
modulation is the most commonly used one because it can be accomplished by
relatively inexpensive mechanical chopping methods. The depth of modulation
using a mechanical chopper is nearly 100 %. As we know, the major disadvantage of
PPE spectroscopy is its susceptibility to synchronous acoustic noise [16]. So care
should be taken to minimize the vibration noise, which may interfere with the PPE
signal and can’t be filtered away even by lock-in detection. So isolation of the
mechanical chopping system form the optical table that supports the rest of the

instrumentation needs to be done.
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We have used a mechanical chopper (Model No. SR 540) for the intensity
modulation of the laser beam, in our experiments. The experiments have been sct up

ona vibration free table to reduce noise pick up.

23.3 The PPE cell

K

: A photopyroelectric cell which can be used over a wide range of temperatures has

T

g‘becn designed and fabricated with which measurements can be made from 90 K to
3

5350 K. The sample geometry is schematically shown in Fig. (2.5). The sample
“compartment is made of copper rod in the form of a cold finger, one end of which is
"in contact with liquid nitrogen chamber and to the other end a heater is wound. The
sample cell is having a copper base, which forms the backing for the PPE dctector.
The sample cell is sealed against vacuum outside *O’ rings made of indium (for low
temperature measurements) or silicone rubber (for high temperature and room
temperature measurements). A cross-section of the sample chamber is shown in Fig.
(2.6). The whole arrangement is kept in a metallic outer chamber of inner diameter
25¢m and wall thickness Smm, as in Fig. (2.7). The sample chamber is connected to
the outer chamber by means of a thread, provided at one end of the cold finger. The

sample temperature is detected with a platinum resistance sensor placed close to the

sample inside the chamber.
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2.3.4 PPE detector

The heart of the PPE spectrometer is the PPE detector using which the temperature
variations arising in the sample due to optical irradiation (and absorption) can be
detected with high accuracy. The necessary condition, for the choice of transducers
to detect the thermal waves generated in the sample, is that it should be a
pyroelectric material. Pyroelectricity is essentially the manifestation of spontaneous
polarization dependence on temperature in certain non-centrosymmetric anisotropic
solids. If there is a small change of temperature, the pyroelectric material becomes
electrically polarized and a voltage arises between certain directions in the material.
On placing a sample on the top of the pyroelectric (PE) film, the average
temperature change in the film is approximately equal to the temperature changes at
the interface between the sample and the sensor. It is then evident that the time
response of the sensor is related to the time of the heat diffusion across the sample
and in addition, the time required to reach thermal equilibrium within the PE film
after thermal deexcitation. So one can obtain short time resolution by decreasing the
thiéknesses of the sample and the PE film [17]; so the type of PE measurements that
one wants to perform determine the thickness of the pyroelectric detector.
Polyvinylidene difluoride (PVDF), Lithium tantalate (LiTaO;) are the most
commonly used detectors. If short time responses are not needed. a thicker PE
sensor can be used in order to have stronger signals as well as better signal-noisc
ratio.

A 28 um thick PVDF film with pyroelectric coefficient 7 = 0.25 x 10 -

V/em-K at room temperature has been used as the pyroelectric detector in our
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-measurements. The room temperature values of pyroelectric detector resistance and
{

' capacitance are 50 G2 and 750 pF respectively [15].

, 2.3.5 Signal detection

: The generated PE signal can be monitored directly with the appropriate electronic

' circuitry. In practical detection electronics the observed signal is, however, affccted

,V by the impedance of the sensor and electronics. In order to maximize the signal 10

i noise ratio, the signal from the detector should be processed by an amplifier tuned to
the chopping frequency. Generally, a phase sensitive lock-in detection is used for
‘this purpose. Also by lock-in detection, the amplitude and phase of the PE signal can
be measured and by using a dual phase lock-in amplifier, the measurements can be
more easily when both amplitude and phase vary simultaneously.

We have used a dual phase lock-in amplifier (Stanford Rescarh Systems.

Model SR 830) in our measurements.

2.4. Experimental details

A photopyroelectric set up of the type shown in Fig.2. 8 has been used in the
present work. The sample is attached to the pyroelectric detector by means of a
thermally thin layer of a heat sink compound whose contribution to the signal is
negligible. The pyroelectric detector attached to the sample is placed on a thermally
thick backing medium (copper) which satisfies the boundary condition b,,> 1. The
frequency of modulation of the light beam is kept above 30 Hz to ensure that the
PVDF film, the sample and the backing medium are all thermally thick during
measurements. The signal output is measured with a lock-in amplifier having 10MQ

input resistance and SOpF input capacitance. Since the backing material is copper
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instead of air or vacuum. the equivalent resistance and capacitance may be as high as
100 M2 and 800 pF respectively. So the equivalent resistance is reduced to 10 MQ
by using an additional parallel resistance to shift the value of £ to the required range

as per the assumptions made in the theory.

o 3| 2
He-CdLaser | @ | = et 3
20 mW g1 31
ot/
Optical Chopper
BEENEEE R
Lock in Amplifier

Fig. 2.8: Block diagram of the photopyroelectric set up

The sample-detector-backing assembly has been enclosed in a chamber whose
temperature can be varied and controlied as desired. Measurements as a function of
temperature have been made at a heating rate of approximately 0.5 K/min. and data
collected in every 2 K interval normally and at closer intervals near the transition
point. The temperature is measured with a platinum sensor placed ciose to the
sample inside the chamber. The PPE amplitude and phase obtained at different

modulation frequencies are measured with the lock-in amplifier.
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2.5. Calibration of the cell

In order to determine whether the method gives accurate results, we carried out a
series of measurements on selected samples whose thermal parameters are already
known. The thermal conductivities and heat capacities of a number of such samples
have been determined. The results are shown in Table 2.1. Averages of four
amplitude and / or phase measurements have been used to calculate the parameters
quoted in the table. The values of a;, K; and ¢, at room temperature obtained
simultaneously by employing the present technique agree very well with the ones
already reported in the literature [18, 19], establishing the reliability and accuracy of
the technique. Taking into account various uncertainties in the measurements. the
overall uncertainties in the values of a,, K and ¢, are estimate to be + 1%.

We have also measured the thermal diffusivity, thermal conductivity and
heat capacity of a copper sample at temperatures between 160 K and 330 K. The
results are shown in Fig. 2.10 and 2.11. The thermal thicknesses have been ensued
by plotting PPE amplitude and phase (Fig. 2.9(a) and 2.9(b)) at various
len.apcratures. The values of heat capacity and thermal conductivity agree very well
with the values reported in literature [19].

Our main interest has been the measurement of changes in thermal
conductivity and heat capacity across solid-state phase transitions. We give results
of our measurements on Triglycine Sulfate (TGS), a ferroelectric crystal that

undergoes a para-ferroelectric phase transition at 49.4 °C,
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.6 Results on TGS

|

26.1 Properties of TGS

éTﬁglycine sulfate (TGS) is a very well known ferroelectric crystal that is very
E-interesting from fundamental physics as well as technological points of view. The
|

b

ferroelectric  behaviour at room temperature in single crystals of TGS and

isomorphous TGSe (Triglycine Selenate) has been discovered by Mathias ¢r al. way
i back in 1956 [20]. TGS [(NH,CH,COOH);H,S0,] is a uniaxial ferroelectric crystal
- with Curie temperature about 322.6 K. The crystal is monoclinic both above and
é,‘bclow the transition temperature [21, 22]. The transition is second order order-
disprder type one. Below T the space group of the crystal is P2; and above T, it
changes to P2;/m that is centrosymmetric and is piezoelectric. In the ferroelecric
phase. the spontaneous polarization is directed along the Y axis. TGS is used as a
model system for the study of second order phase transitions through the critical
region. The technological importance of TGS is primarily due to its pyroclectric
properties. It is a widely used material in pyroelectric devices such as IR imaging
Sensors.

A great deal of work has already been done on the physical properties of
TGS. The piezoelectric, electrostrictive and low frequency elastic properties of TGS
have been thoroughly investigated by lkeda er «l [23]. The static ferroelectric
properties near the phase transition temperature have been studied in detail by
several workers [24, 25]. Detailed theoretical studies on the acoustic as well as

specific heat data have been carried out by several workers in the transition region
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“with a goal of verifying experimentally the logarithmic corrections in certain critical

f quantities as predicted by theory [26, 27].

TGS possesses very attractive pyroelectric properties and has the basic

f
f pyroelectric figure of merit P/K = 1.1 x 10° C m™? K where P is the pyroelectric

E‘Icoefﬁcient and K is the dielectric constant of the crystal. A drawback of TGS crystal

v
i

. is ils spontaneous polarization. A suggestion to get over this problem has been to
dope TGS with foreign ions. Several dielectric and related studies have been done
on TGS crystals doped with various dopants to understand the effect of doping on
the properties of this material [28-33].

We have carried out phototopyroelectric measurements of the thermal
parameters of TGS along the three principal crystallographic directions. The
anisotropy obtained in thermal conductivity of triglycine sulfate indicate the

potential of this technique to study the thermal parameters during phase transitions.

2.6.2 Sample preparation

Single crystals of triglycine sulfate for the present studies have been grown by the
slow evaporation of the aqueous solutions at constant temperature of about 39 ’C.
All the crystals have been grown in the ferroelectric phase. TGS crystals are grown
by the chemical reaction
3NH;CH,COOH + H,;SO4 — (NH3;CH,COOH); H,SO4

The crystal morphology of TGS is given in Fig.2.12. The lattice parameters
of TGS are « = 9.15 A, b =12.69 A, ¢ = 5.73 A and f = 105.40. The faces are

identified from crystal morphology [21] by measuring the interfacial angles using

a contact goniometer.
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Fig. 2.12: Morphology of a TGS single crystal

“The so obtained crystal has been cut and polished and platelets of the crystal of

“thickness 0.3 mm have been cut with faces normal to the a, b, and ¢ axes so that the

direction of propagation of thermal waves is along one of the axes. A very thin layer
of carbon black from a benzene flame has been carefully coated onto the illuminated
surface of the sample to enhance its optical absorption. Measurements as outlined

already have been carried out as a function of temperature from room temperature

(26'C) to 55°C.

2.6.3 Results and Discussion

The sample’s thermal thickness has been verified by plotting the PPE amplitude and
phase against frequency, at a number of temperatures between room temperature and

55°C. The results for the a-, b- and c-axis are plotted in figures 2.13 - 2.15.
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The /' dependence of the PPE amplitude has been obtained at a number of
temperatures, including two above the phase transition point.

The variations of PPE amplitude and phase as functions of temperature have
been measured keeping the chopping frequency fixed at 40 Hz. The results along the
b-axis are given in 2.16(a) and 2.16(b). From these the thermal diffusivity (¢,) and
effusivity (¢,) along the bh-axis at TGS have been determined as functions of
temperature. These are shown in Fig. 2.17. The temperature variation of K; along the
b-axis and c,, determined as already described are shown in Fig. 2.18. The heat
capacity results presented in Fig. 2.18 agree very well (in absolute numbers) with
those already reported in literature [34]. Since data on the variation of thermal
conductivity across the phase transition point in TGS could not be found in
literature, a direct comparison could not be made. It may be noted that the thermal
conductivity along the b-axis takes a minimum value at the transition point.

The variations of PPE amplitude and phase along the «- and ¢- axis are given
in Fig. 2.19(a), 2.19(b), 2.20(a) and 2.20(b) respectively. Measurements of the
thermal diffusivity, thermal effusivity, thermal conductivity and specific heat along
the ¢ and ¢ axes across the phase transition temperature are plotted in Fig. 2.21 -
2.24. It is seen that the maximum anomaly during the phase transition is along the A-
direction. It is the direction of spontaneous polarization and is in agreement with

thermal diffusivity measurements along different axes [29] reported earlier [35].
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2.7 Conclusions

Our results indicate that the PPE technique presented in this work 1s a powertul
method for simultaneously measuring the thermal conductivity and heat capacity of
a solid as functions of temperature. The technique is capable of making thermal
conductivity measurements around critical points accurately, where conventional
heat conduction methods face practical limitations. The technique can be used to
investigate anisotropy in thermal conductivity of crystalline media. The improved
sample boundary conditions assumed in this work allow one to make the
measurements at all temperatures, the only limitation being the sensitivity to
temperature and possible physical damage suffered by the detector at elevated

temperatures.
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CHAPTER 3

Thermal properties of Glycine phosphite

single crystals

3.1 Introduction

The «@-aminoacid glycine forms addition compounds with several inorganic
materials, especially inorganic acids. Some of them exhibit ferroelectric /
ferroelastic phase transitions with interesting dielectric and elastic properties. The
familiar ferroelectrics in this category include triglycine sulphate (TGS), trigly'cine
selenate (TGSe), triglycine fluroberyllate (TGFBe) etc. [1]. A few betaine
compounds have also been investigated for their ferroelectric, antiferroelectric and
ferroelastic properties. The most well studied in this class is betaine phosphite
[(CH;);NCH,COOH;P04] which exhibits atleast two phase transitions at 355K and
216K, with the lower temperatﬁre leading to a ferroelectric phase {2]. Glycine
phosphite [NH3;CH,COOH;POs], abbreviated as GPI, is a recently developed
ferroelectric crystal in this category, which has been explored for its ferroelectric
phase transitions [3].

Glycine phosphite is a'representative hydrogen bonded ferroelectric crystal
of phosphorous acid with an aminoacid, similar to betaine phosphite. Both these
crystals are characterized by a typical layered structure [3, 4]. These crystals belong
to the monoclinic system with similar space groups P2/a and P2,/c for GPI and BPI
respectively. The main structural difference between GPI and BPI lies in that the

phosphite chains are oriented parallel and perpendicular to the b-axis in BPI and GPI



respectively. The GPI crystal has unit cell dimensions @ = 9.792 A, b= 8487 A, ¢ =
7411 A and ﬁ: 100.43° and has four molecules per unit cell {3]. Spontaneous
polarization of GPI appears along the b-axis.

The main structural feature of this crystal is that its atomic arrangement has a
typical layer organization. Planes built by the phosphoric entities alternate with
planes containing the organic group. These two layers develop parallel to the be-
planes and are separated by a distance of /2. Inside the phosphoric layers, the
H(ﬁPO3)_ groups form an infinite chain along the crystallographic c-axis to which
the amino acids are attracted by strong hydrogen bonds. The projection of the crystal
structure, as viewed along the b-axis is given in Fig. 3.1. The phosphite anions are
mutually linked by two kinds of strong double well potential hydrogen bonds (of
lengths 0.2482nm and 0.2518nm) with equally populated wells at room temperature.
The phosphite layers as interconnected by glycine ions forming three hydrogen
bonds (of lengths 0.2861nm, 0.2875nm and 0.2899nm) to the phosphite oxygens via
- NH;j group from one side and single bond (of length 0.2598nm) via acidic oxygen
from the opposite side.

Dielectric measurements performed on GPI crystal along the b-axis (polar
axis for the monoclinic crystal) reveal a large anomaly in dielectric constant (&) at
2247 K, giving a clear indication of the transition temperature [5, 6]. The maximum
value of spontaneous polarization P, along its polar axis is about 5x10 ** Cm =
which 1s considerably smaller in comparison to other crystals of the family as BPI
[2]. The b-axis of GPI is perpendicular to infinite chains of hydrogen bonded
phosphite anions, similar to that observed in KDP family crystals [7]. Hence, the

ordering of hydrogen bonds along the c-axis results in the appearance of
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' spontaneous polarization along the b-direction. Also any change in the phosphite

- layers which can appear as a result of proton ordering in the hydrogen bond, will

influence the glycine orientation.

g
;.
f'
f

Fig. 3.1: Projection of crystal structure of GPI when viewed along the b-axis
(Circles, in decreasing order of size represent N, O, C and H atoms

respectively

The activation energy for GPI crystal is estimated to be AF = 17 kJ/ mol
which is more than three times higher than other ferroelectric crystals in which the
mechanism of paraelectric-ferroelectric phase transition is connected only with the
ordering of protons in the strong hydrogen bonds. This suggests that the dynamics of
the organic sub lattice (glycinium cations) of GPI could play a vital role in the long

range ordering of the crystal. With the slowing of the glycine NH3" group rotations.
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the ordering of these protons takes place as seen in EPR measurements {8}, as a
result of which the GPI crystal undergoes a phase transition at 224 K. Several
macroscopic and microscopic properties of GPI have been investigated by
researchers to elucidate the mechanism underlying the phase transition [6, 8, 9-12].
However, investigations on the thermal properties of this crystal have not been
reported.

In this chapter, we give a systematic study of the variations in thermal
parameters- thermal diffusivity (@) thermal effusivity (e), thermal conductivity (K)
and heat capacity (c,) - of GPI single crystal along the three principal directions,
when the crystal undergoes the para-ferroelectric phase transition, employing an
improved photopyroelectric (PPE) technique [13]. Details of the experimental

results obtained and discussion of the results are outline in the following sections.

3.2 Sample preparation

Single crystals of glycine phosphite are grown by the slow cooling of an equimolar
solution of glycine [NH,CH,COOH] (AR grade) and orthophosphorous acid
[H3POs3] solution (Aldrich). Prior to growth, GPI was re-crystallized for nearly 4-5
hours to yield purified materials. Slow cooling from a temperature of about 35°C to
29°C at a rate of 0.02°C / hour is achieved with a programmable temperature
controller having a cooling rate of 0.01°C / hour. Crystals as large as 50 x 35 x 30
mm? have been grown by this method. Transparent good quality crystals so obtained
are used in the present investigations.

The crystallographic directions of the crystal are identified by X-ray

diffraction technique (XRD). The complete morphology of GPI crystal has been



generated using XRSHAPE software after measuring the interfacial angles using a
contact goniometer and is given in Fig. 3.2. The crystallographic b and ¢ axes are
selected as the crvstal physical ¥ and Z-axes respectively but the erystal physical X-
axis lies in the (010) plane making an angle 10.43° to the crystallographic a-axis (§
= 100.43°). The coordinate system chosen for measurement is not orthogonal, such

that the (100) plare is normal to the crystallographic g-axis.

Flg 3.2: Complete morphology of Glycine phosphite (GPI) single crystal

The oriented crystals are cut with a slow speed diamond wheel saw such that
they have faces perpendicular to the [100], [010] and [001] directions or the
crystallographic a-, 5- and ¢- axes respectively. The samples are carefully polished,
initially with water and finally with alumina powder, to get good surface finish. The
samples prepared for the photopyroelectric measurements have a thickness of =
0.3mm. The density of the sample is measured to be 1.722 gcm'3. A very thin layer
of -carbon black from a benzene flame has been carefully coated on to the

illuminated surface of each sample to enhance its optical absorption.



3.3 Experimental details

An improved photopyroelectric technique has been used to determine the thermal
parameters of GPI single crystal. In this measurement, a thermally thick pyroelectric
detector film is attached to one side of the sample, which is also thermally thick and
the combination is mounted on a thermally thick backing medium. The other side of
the sample is illuminated by an intensity-modulated beam of light, which gives rise
to periodic temperature variations by optical absorption. The thermal waves so
generated propagate through the sample and are detected by the pyroelectric
detector.

A 120mW He-Cd laser of wavelength 2 = 442nm (KIMMON), intensity
modulated by a mechanical chopper has been used as the optical heating source.
Polyvinylidene difluoride (PVDF) film of thickness 28um, both sides coated with
Ni-Cr film, with pyroelectric coefficient P = 0.25 x 10® Vem 'K is used as the
pyroelectric detector. The detector is supported on a thermally thick backing
medium, made of copper. The sample-detéctor—backing assermbly has been enclosed
in a chamber whose temperature can be varied and controlled as desired. The signal
output is measured using a lock-in amplifier (SR 830). The frequency of moedulation
of ‘the light is kept above 30Hz to ensure that the detector, the sample and the
backing medium are thermally thick during the measurements. The thermal
thickness of the GPI sample in this experiment has been verified by plotting the PPE
amplitude and phase with frequency at different temperatures between room

temperature and 180 K, along three principal directions are given in figures 3.3(a).

3.3(b), 3.4(a), 3.4(b), 3.5(a) and 3.5(b) respectively.
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Measurements have been carried out illuminating the three cut sample faces
so that the propagation of the thermal wave i1s along one of the symmetry axes.
Measurement of the PPE signal phase and amplitude enable one to determine the
thermal diffusivity (defined as a = K / pcp, p being the density) and effusivity
(defined as e = (Kpcp)m) respectively [13]. From the measured values of «and e, K
and ¢, of the sample are determined. A careful calibration of the experimental set up
and procedure has been done prior to carry out the measurements, as described in
detail in Chapter 2 of this thesis. The measurements as a function of temperature
have been made at a heating rate of approximately 0.5 Kmin "' and data collected in
every 1K interval normally and at closer intervals near the transition point. The
temperature 1s measured with a platinum sensor placed close to the sample inside the

chamber.

3.4 Results and discussion

Figures 3.6(a), 3.6(b), 3.7(a), 3.7(b), 3.8(a) and 3.8(b) show the variation of PPE
amplitude and phase of GPI single crystal along the -, b- and ¢- axes of the crystal.
It is seen that, in all the three directions, PPE amplitude and phase reflect the para-
ferroelectric phase transition at 224 K.

Figures 3.9, 3.10 and 3.11 show the variation of thermal diffusivity and
thermal effusivity with temperature along the a-, b- and ¢- axes of GPI single

crystal.
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As seen in figures, the thermal diffusivity follows the same pattern as PPE
phase and decreases up to the point of para-ferroelectric phase transition at 7 =
224K, in agreement with the already reported value of transition temperature. At the
transition temperature, there is a peak and there after thermal diffusivity steadily
decreases with temperature. The thermal effusivity exhibits an opposite behaviour. It
increases with temperature up to the transition point. At the transition temperature,
there is a minimum in the thermal effusivity value but thereafter it increases steadily
with temperature. Taking into account, the various limitations of the measurements.
the overall uncertainties in the values of «a and e are estimated to be + 1%.

Figure 3.12 shows the variation of heat capacity of GPI single crystal as a

function of temperature. The phase transition in GPI is reflected clearly in the
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temperature variation of heat capacity as a clear anomaly at the transition point.
These heat capacity results agree with the DSC measurements reported earlier [6].

As we can see, there is no direction dependence for heat capacity.
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Fig. 3.12: Variation of heat capacity with temperature of GPI single crystal

Figure 3.13 shows the temperature variation of thermal conductivity along
the three symmetry axes (a, b and ¢) of GPI. Thermal conductivity exhibits
significant anisotropy as is evident from Fig. 3.13. A study of anisotropy in thermal
conductivity enables one to draw important conclusions regarding intermolecular
forces in the crystal. With such an intention, we have plotted the thermal

conductivity ellipsoids for the b-c, a-c and a-b planes.
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The characteristic representation of quadric for thermal conductivity is given by [14]
K nn =1 (3.1)
where K, are the thermal conductivity tensor and 7 are the direction cosines.
When we refer to the principal axes, we have
Kn +K,ni+Kn =1 (3.2)

K, K> and K3 are always positive and hence this represents the thermal conductivity
ellipsoid.

Figures 3.14(a), 3.14(b) and 3.14(c) represent the projection of the thermal
conductivity quadric lying in the b-c, a-c and a-b planes, when viewed along the «-,

b- and ¢ axes of the crystal respectively.
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The thermal conductivity ellipsoid is a prolate one, both above and below the
para-ferroelectric phase transition temperature for the b-c and a-c planes, where as
for the a-b plane, it is similar to a spheroid, inferring that the values of a- and b-
axes thermal conductivities have close values, as expected, whereas the c-axis
thermal conductivity is much smaller.

The difference between b and ¢ axes thermal conductivities can be attributed
to the orientation dependence of the intermolecular forces in the crystal. It is seen
that the maximum thermal conduction occurs in the direction of predominant
covalent bonding, which is along the b-axis, where as minimum thermal conduction
occurs in a direction perpendicular to the chains of glycine molecules connected by
hydrogen bonding. The nature of the temperature dependence is similar for all the
three directions.

Anisotropy In thermal conduction can be explained as follows. In the

-

structure of GPI, planes containing infinite chains of phosphite H (K PO,)"” anions

alternate with those built by the organic cations. These two types of layers are
parallel to the crystallographic b-c plane, i.e. they are arranged alternatively in the a-
direction. This layer arrangement corresponds to the direction of weak coupling in

the crystal. Within the phosphite layers, A (H PO3)‘ groups are mutually linked by

hydrogen bonds forming infinite chains extending along the crystallographic c-axis.
The inter-molecular and intra-molecular interactions, which are also hydrogen
bonded, are stronger along the b-axis. Correspondingly, thermal conductivity is high
in this direction. So, the orientation dependence of the strength of the hydrogen
bonds in the system may be responsible for the observed anisotropy in thermal

conductivity.
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A recent report [15] on the thermal expansion coefficient a of GPI in the
para electric phase shows a relatively large thermal expansion coefficient along the
c-axis, corresponding to the weak hydrogen bonded direction, while the strong
intermolecular forces along the b-direction supports its low value in this direction.
This is good agreement with the ultrasonic investigation of elastic constants of GPI
crystal, reporting similar anisotropy in elastic properties with the stiffness constant
Cx (corresponding to b-axis) being high, while C, ; and Cj; are low, in accordance
‘:( with the bonding scheme in the crystal lattice [12].

We can thus conclude by saying that the results on the temperature variation
of thermal properties of GPI are in tune with other measurements [6.12] confirming

the occurrence of an order-disorder type para-ferroelectric phase transition at 224K

in GPI crystals.

3.5 Conclusions

The four thermal parameters of glycine phosphite single crystals have been
evaluated by photopyroelectric measurements. Correlation between crystal structure
of GPI explains the high values of elastic constant along crystallographic 4 direction
and smaller values along the a and ¢ axes. The variation of these thermal parmeters
across the phase transition temperature reveals an order-disorder type paraelectric to

ferroelectric phase transition at 224 K.
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CHAPTER 4

Thermal properties of Thiourea studied

using photopyroelectric technique

4.1 Introduction

Structural phase transitions through incommensurate (INC) phase regions have been
of great interest to condensed matter physicists. The ferroelectric crystals. which are
known to exhibit incommensurate phase transitions, include ammonium
fluroberrylate [1], potassium selenate [2], sodium nitrite [3], thiourea [4] etc.
Thiourea, with the chemical formula SC(NH,), undergoes successive phase
transitions at 169 K (73), 176 K (73), 180 K (73) and 202 K (74). Among the five
phases (called I, II, III, IV and V) in the order of increasing temperature. two of
them (I and III) are ferroelectric and a superlattice structure appears in the II, III and
IV phases [5]. A good picture of the successive phase transitions in thiourea can be
obtained from Table 4.1 as well as in Fig. (4.1). The crystal structure in the room

tenﬂperature phase V above T4 is orthorhombic and belongs to the space group
D) — Pbnm with four molecules per unit cell (Z = 4). The phase I below 7| is a
ferroelectric phase having spontaneous polarization along the b- axis, whose crystal
structure is also orthorhombic and belongs to the space group C,, — Ph2,m with

four molecules per unit cell (Z = 4).



" Table 4.1: Successive phases in SC(NHa2)2

Transition T, T T3 T,
temperature 169 176 180 202 (K)
| Phase I 11 i / ] \%
r Ferroelectric Ferroelectric
P.JIb P,k
'Space group | C,,-Pb2im D! -Pbnm
Commensurate Incommensurate
| Lattice a a a=5.52A
constants b b b=766A
¢ ~10c €« —> ~8¢ c=854 A
— /- 7kl h- |
= 7|0 Ve : j;h ; 1 :\
| o,/ | 1
AN S /0 S N
1 = T T
- 7 ‘%: k/\
; I 7
) | | N\ i
0 . f N
T g
n - \
: , P
0l ; : ‘ i
50 60 7% 20 20 70 K 20
/

ig. 4.1 Susceptibility vs temperature measured by means of a capacitance bridge
tphases I to V of thiourea single crystal
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In the three intermediate phases II, III and IV between 7T and T, Shiozaki
[6] observed the X-ray reflection and concluded that the crystal has an
incommensurate structure. According to his analysis, just above T} the crystal has
the superstructure with the period along the c-axis about eight times as large as that
of phase IV. The period of the super structure increases as temperature decreases. So
in the vicinity of T, the period is about ten times as large and at T, the crystal
transforms to the ferroelectric phase I, where the period of the unit cell of the
prototype is restored.

In the phase I region between 7> and 73, the crystal also shows weak
ferroelectricity, but this weak ferroelectricity has been disregarded in most of the
earlier works [7-10], and the phases II, Il and IV are treated as if they were a single
incommensurate phase. Thus the successive phase transitions of SC(NH;); can be
regarded as a normal example of incommensurate successive phase transition
sequence, that is to say, a transition from a prototype to an incommensurate phase
and then a second transition from the incommensurate phase to the final
commensurate phase.

A schematic projection of the (001) plane of the paraelectric phase V is
shown in Fig. 4.2. The molecules are designated by solid lines that lie above than
those designated by thin lines by ¢/2 [11]. In the b-direction, there are alternating
sheets consisting of similar polar molecules having opposite ‘average orientations’
as shown in Fig. 4.2 for the disordered phase (V) where the two systems correspond
to each other by a symmetry element (n) which disappears in the low temperature
phase (I). Consequently, the modulated phases can be regarded as two interacting

sub lattices with proper polarization wave.
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As for the transition mechanism of SC(NH;),, Mc Kenzie [9, 10] reported his
results of neutron diffraction studies. He found no low-lying and temperature
sensitive phonon branch, and suggested that the mechanism was not of any
displacive type. On the contray, Delehaigue et al. [12] Chapelle and Benoit [13]
carried out the Raman scattering measurements of SC(NH,), and observed a soft
mode whose frequency decreases as the transition temperature Ty is approached
from below, and concluded that the transition mechanism must be of some
displacive type. Several questions remain unanswered regarding successive phase
transitions exhibited by thiourea.

In order to throw more light on the discrepancies in the results already
reported on thiourea and to understand the nature of anomaly in thermal parameters.
we have measured thermal diffusivity (), thermal effusivity (e), thermal

conductivity (K) and heat capacity (c,), during an incommensurate-commensurate



phase transition. We have employed the photopyroelectric technique to measure the
above thermal parameters. Experimental details of the method are already given in
Chapter 2 of this thesis. Measurements have been done along the three principal
“directions of thiourea and thermal anisotropy observed is discussed in detail. To the
_best of our knowledge, this is the first report of the measurement of thermal
 transport during incommensurate phase transitions in crystals.
Details of the sample preparation, measurement technique, results obtained

and discussion of the results are given in the following sections.

4.2 Sample preparation

Single crystals of thiourea are grown by the slow evaporation method from methyl
alcoholic solution at room temperature. Reagents used are equimolar solutions of
thiourea [NH, CS NH;] (AR grade) and methanol [CH; OH] (AR grade). Good
quality crystals of sizes = 30 x 25 x 25 cm’ have been grown over a period of 3
‘weeks. Crystals obtained are colourless and transparent. The crystal axes are
determined by measuring interfacial angles using a contact goniometer. The
morphology of the thiourea single crystal has been generated and is shown in

Fig. 4.3.

The so obtained crystals are cut with a slow speed diamond wheel saw such
that they have faces perpendicular to the [100], [010] and [001] directions or the
crystallographic a-, b- and c- axes respectively. The samples are carefully polished,

initially with water and finally with alumina powder to get good surface finish. The
samples prepared for the photopyroelectric measurements have a thickness of ~ 0.3

mm. The density of the sample is measured to be 1.406 g cm . A very thin layer of
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carbon black from a benzene flame has been carefully coated onto the illuminating

surface of each sample to enhance its optical absorption.

Fig. 4.3: Crystal morphology of single crystal of thiourea grown in the laboratory

4.3 Experimental details

An improved photopyroelectric technique (described in detail in Chapter 2) has been
used to determine the thermal parameters of single crystals of thiourea. The
necessary criterion that needs to be satisfied for such a measurement is that, the
sample, the pyroelectric detector and the backing should be thermally thick during
measurements. The sample is illuminated by an intensity-modulated beam of light.

which gives rise to periodic temperature variations by optical absorption. The
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lhermal waves so generated propagate through the sample and are detected by the
pyroelectric detector.

A He-Cd laser of (wavelength A = 442nm (KIMMON)) of output power 120
mW has been used as the optical heating source. Light from the laser is intensity-
zmodulated using a mechanical chopper (SR 540). A polyvinylidene difluoride
;(PVDF) film of thickness 28pum is used as the pyroelectric detector. The sample is
;:attached to the pyroelectric detector by means of a thermally thin layer of a
;compound whose contribution to the signal is negligible. The signal output is
;measured using a lock-in amplifier (SR 830). The frequency of modulation of the
light is kept above 30Hz to ensure that the detector, the sample and the backing

medium are thermally thick during measurements. The thermal thickness of the

.thiourea samples in these experiments has been verified by plotting the PPE
amplitude and phase with frequency at different temperatures between room

temperature and 180 K. The variations along three principal directions are given in

: figures 4.4(a), 4.4(b), 4.5(a), 4.5(b), 4.6(a) and 4.6(b) respectively.
Measurements have been carried out illuminating the three cut sample faces

so that the propagation of the thermal wave is along one of the symmetry axes.

Measurement of the PPE signal phase and amplitude enable one to determine the

thermal diffusivity (@) and thermal effusivity (e) [13]. From the measured values of
‘a and e, thermal conductivity (K) and heat capacity (c,) of the sample are

determined using the relations

K(T)=e(T)Na(T) (4.1)
(1) (4.2)

(T )=
= T Ja T
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The measurements as a function of temperature have been made at a heating

{
| rate of approximately 0.5 Kmin ! and data collected in every 1K interval normally

i
:and at closer intervals near the transition point. The temperature is measured with a

platinum sensor placed close to the sample inside the chamber. Calibration of the

experimental set up has been done prior to carry out the measurements. as described

in detail in Chapter 2 of this thesis.

e ——

| 4.4 Results and discussion

| Figures 4.7(a), 4.7(b), 4.8(a), 4.8(b), 4. 9(a) and 4.9(b) exhibit the variations of PPE
amplitude and phase along the three principal directions of thiourea single crystal. It
is seen that both amplitude and phase clearly reflect the three successive phase
transitions in thiourea. The maximum anomaly is at T} = 169 K, the temperature
corresponding to which transition to an incommensurate phase takes place, for all
the three principal directions. The maximum variation is seen along the b-direction.
the direction in which the crystal possesses spontaneous polarization.

Fig. 4.10, 4.11 and 4.12 show the variation of thermal diffusivity and thermal
effusivity with temperature along the a-, b- and c- axis of thiourea single crystal. As
seen in the figures, thermal diffusivity shows a decrease with temperature, with
distinct minima at the three phase transition points at 7 = 169 K, 75 = 176 K and T
=202 K, in agreement with the already reported values of transition temperatures.
Thermal effusivity exhibits an opposite behaviour. It increases with temperature
with sharp peaks occurring at the transition temperatures. Taking into account the

various limitations of the measurements, the overall uncertainties in the value of «

and e are estimated to be +1%.
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Fig. 4.13 shows the variation of heat capacity of thiourea with temperature.
As seen in figure, the three transitions get clearly reflected in the temperature
variation of heat capacity as clear anomalies at the transition points. These heat
capacity results (in absolute numbers) agree with the result reported by earlier
workers [14]. As we can see, there is no direction dependence for heat capacity.

Fig. 4.14 shows the temperature variation of thermal conductivity along the
three symmetry axes (a, b and c¢) of thioureca. The thermal conductivity exhibits
significant anisotropy as is evident from Fig. 4.14. The three transitions get reflected
n 'the thermal conductivity variations. The maximum anomaly is seen along the b-
axis. A study of anisotropy in thermal conductivity enables one to draw important
conclusions regarding the nature of phase transitions and the phenomena associated

with it.
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With such an intension, we have plotted the thermal conductivity ellipsoids for

}ithe b-c, a-c and a-b planes. As described in detail, in Chapter 3, the characteristic

‘representation of quadric for thermal conductivity is given by [16]
K nn =1 (4.3)
‘where K, are the thermal conductivity tensor and 7 are the direction cosines.

When we refer to the principal axes, we have

Knl+K,n} +Knj = 1 (4.4)
X,, K> and K3 are always positive and hence this represents the thermal conductivity
ellipsoid.

Fig. 4.15(a), 4.15(b) and 4.15(c) show the projection of the thermal
conductivity quadric lying in the a-b, a-c and b-c planes when viewed along the ¢-,
b- and a- axis of the crystal respectively. The thermal conductivity ellipsoid is a
prolate one both above and below the incommensurate-commensurate phase
| transition temperature for the a-c and b-c planes, whereas for the a-b plane it is
closer to a spheroid indicating that the values of a- and b- axis thermal
conductivities have closer values as expected, whereas the c-axis thermal
conductivity is much smaller.

The difference between b- and c- axes thermal conductivities can be
attributed to the orientation dependence of phonon modes present in the crystal. The
maximum thermal conduction occurs in the direction of predominant covalent
bonding, which is along the b-axis. The nature of the temperature dependence is

similar for all the three directions.
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4.5 Conclusions

Thermal conductivity anisotropy of single crystals of thiourea has been investigated
employing photopyroelectric technique. It is seen that the three successive phase
transitions at 77 = 169 K, 7> = 176 K and T4 = 202 K get reflected clearly in the
thermal parameters as distinct anomalies. Maximum variation in thermal properties
is along the b-axis, the direction of spontaneous polarization. The anisotropy in
thermal conductivity can be attributed to the orientation dependence of phonon

modes present in the crystal.
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E CHAPTER 5

' Thermal properties of LCMO system

| exhibiting M-I transition

5.1 Introduction

The mixed valence perovskite manganese oxides R;.,A,MnO; (where A = La, Nd.
Prand A = Ca, Sr, Ba or Pb) have been the materials of intense experimental and
theoretical studies over the past few years [1, 2]. The materials show colossal
magnetoresistance (CMR) in samples with 0.2 <x < 0.5. In such a doping region. the

resistivity exhibits a peak at a temperature 7 = 7, the metal-insulator transition

temperature. The system is metallic with % > 0 below T}, and insulating d—'; <0

above T,. Under an external magnetic field B, p is strongly suppressed and the peak
position T}, shifts to a higher temperature. Thus, a huge magnetoresistance may be
Broduced around 7, to give rise to the CMR phenomenon. It is widely believed that
the CMR behaviour in these mixed valence oxides is closely related to their
magnetic properties. This is supported by the fact that 7}, is very close to the Curie

temperature 7, the transition temperatures from the ferromagnetic to the

paramagnetic phase.

Despite intensive investigations on the CMR phenomenon, a number of
questions still remain unanswered about the nature of the metal-insulator (M-I)

transition. The manganese oxides are usually modeled by the double exchange



Hamiltonian [3-5] which describes the exchange of electrons between neighbouring
Mn** and Mn** ions with strong on-site Hund’s coupling. As pointed out by Mills e/
al. [6, 7], however the double exchange model alone doesn’t explain the sharp
change in the resistivity near 7, and associated CMR phenomenon. Based on the
strong electron-phonon coupling in these materials, Mills et al. [6, 7] proposed that
the M-I transition involves a cross over from a high-T polaron dominated
magnetically disordered regime to a low-7 metallic magnetically ordered regime. On
the other hand, some authors have argued the possible importance of the quantum
localization effects caused persumably by the strong magnetic disorder fluctuations
in the system around and above the magnetic transition. They proposed that the M-I
transition in CMR materials is the Anderson localization transition - a quantum
phase transition [8-11] driven by magnetic disorder. So it will be interesting to
examine the consequences of the Anderson localization theory against experimental
results obtained on these types of samples.

In this chapter, we give the photopyroelectric measurements of thermal
parameters, namely thermal diffusivity (@), thermal effusivity (e), thermal
conductivity (K) and heat capacity (c,) of Lag.7Cap.3MnOs.and Lag.gCap.2MnOj3
samples and analyze the results to compare with the scaling behaviour expected
from an Anderson localization transition. Details of sample preparation.

experimental details, results obtained and a discussion of the results are outlined in

the following sections.
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5.2 Sample preparation

Lay7c303MnO; and Lag gCap,MnO; samples were made from the stoichiometric
mixtures of La,0;, CaCOj; and MnCOj3 by the ceramic method [12, 13]. The mixture
was initially heated at 950°C for decarbonation and then at 1000°C in air for 72
hours with six intermediate grindings. The resulting powder was pressed into pellets
.and sintered in air at 1000°C for 24 hours. The so prepared samples have been cut
“and polished to the required thickness. The thickness of the samples for the present

measurements is about 0.5mm.
E 5.3 Experimental details

The thermal parameters, thermal diffusivity (a), thermal effusivity (e), thermal
conductivity (K) and heat capacity (c,) of Lag;Cap3MnO; and Lag gCag.,Mnoj; are
determined employing an improved photopyroelectric technique, described in detail
in Chapter 2. In this measurement, a thermally thick pyroelectric detector is attached
to one side of the sample, which is also thermally thick and the combination is
mounted on a thermally thick backing medium. Intensity modulated light from a
120mW He-Cd laser (KIMMON) of wavelength 4 = 442 nm has been used as the
optical heating source. Polyvinylidene difluoride (PVDF) film of thickness 28 um.
both sides coated with Ni-Cr film is used as the pyroelectric detector. The thermal
waves so generated propagate through the sample and are detected by the
pyroelectric detector. The pyroelectric detector is supported on a copper backing
which is thermally thick. The sample-detector-backing assembly combination has

been enclosed in a chamber whose temperature can be varied and controlled as

desired. The signal output is measured using a lock in amplifier (SR 830). The
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frequency of modulation of the light is kept above 30Hz to ensure that the detector.
the sample and the backing medium are thermally thick during measurements. The
thermal thickness of the two samples in this experiment has been verified by plotting
the PPE amplitude and phase with frequency at different temperatures between room
temperature and 180 K and are shown in figures 5.1(a), 5.2(b), 5.2(a) and 5.2(b).
Measurement of the PPE signal phase and amplitude enable one to determine
the thermal diffusivity a = K/pc,, p being the density and effusivity e = (K,ocp)”2

respectively [14]. From the values of thermal diffusivity and effusivity, thermal

conductivity and heat capacity are determined using the relations,

K.(T)=e(T)Ja,(T) (5.1)
and o (T)=—2(1) (5.2)

PAT)a (T)

Densities of the samples are determined using Archimedes principle. A
careful calibration of the experimental setup and procedure has been done prior to
carry out the measurements, as described in detail in Chapter 2 of the thesis. The
measurements as a function of temperature have been made at a heating rate of
approximately 0.5 K/min and data is collected in every 1K interval normally and at
closer intervals near the transition points. The temperature is measured using a

platinum sensor placed close to the sample inside the chamber.
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| 5.4 Results

Figures 5.3(a) and 5.3(b) give the temperature variations of PPE amplitude and
phase of the Lag;Cag3MnO; sample. The PPE amplitude decreases, reaches a
minimum at 7=238K, corresponding to the M-I transition temperature and then
steadily increases with temperature. The PPE phase increases steadily and at the
me}al-insulator transition temperature, it exhibits a step-like behaviour and thereafter
increases up to the room temperature. So both PPE amplitude and phase exhibit a
clear anomaly at 7' = 238K, the M-I transition temperature.

Fig. 5.4 shows the variation of thermal diffusivity and thermal effusivity of
Lap,Cap3MnO; as a function of temperature. Thermal diffusivity decreases with
temperature, exhibits a step-like increase at the M-I transition temperature and
thereafter decreases gradually. Thermal effusivity increases gradually up to the M-I
transition temperature and then increases rapidly with temperature. At the transition
point there is a step-like decrease and then it slowly increases with temperature.
Fig. 5.5 shows the variation of thermal conductivity and heat capacity of
Lag 7Cag3MnO; with temperature. Thermal conductivity decreases with temperature
and shows a minimum at 7 = 238K and thereafter increases steadily with
temperature. The specific heat capacity variation with temperature is exactly the
opposite, with a peak exhibited at the M-I transition temperature.

Fig. 5.6(a) and 5.6(b) show the variation of PPE amplitude and phase of
Lag.sCag,MnOs3 sample. The PPE amplitude decreases, as in the previous sample.
showing a minimum at 7 = 218K, which corresponds to its metal-insulator transition
temperature and thereafter increases steadily. The PPE phase exhibits behaviour

similar to Lag;Cag3MnQOs; Both PPE amplitude and phase variations with
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I temperature give a clear evidence of M-I transition at 7=218 K for Lay.gCag-MnQO;
sample.

Fig. 5.7 gives the variation of thermal diffusivity and thermal effusivity of
LaggCag,MnO;3. Fig. 5.8 denote the variation of thermal conductivity and heat
capacity. The behaviours of thermal parameters are similar to those of

Lag7Cap3sMnO; sample, with the M-I transition temperature being shifted to 7 =

218K for Lag.gCag2MnOs3 sample.

5.5 Discussion of results

The basis for the theoretical understanding of the Mn oxides usually is the notion of
double exchange (DE) [3-5] that considers the exchange of electrons between
neighbouring Mn®>* and Mn** sites with strong on-site Hund’s coupling. Attempts
based on mean-field treatments of a Kondo lattice model for DE [15] and a
Hubbard-Kondo lattice model [16] have been suggested to account for the transport
properties of the Mn oxides. However, sharp change in the conductivity near 7, and
the CMR were not reproduced successfully in these works. Perturbative calculation
carried out by authors of ref. {17] showed that double exchange (DE) alone could
not explain the experimental data for Mn oxides and suggested that a strong Jahn-
Teller distortion should be responsible for the thermal transport properties. But
recently, contray to the above approaches, it was suggested that the localization in

the DE model based upon non-perturbative treatments might be able to account for

the novel properties of the Mn oxides.
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These mixed valence oxides can be considered as solid solutions between
end members such as LaMnOj; and CaMnO; with formal valence states
L"Mn’*05” and Ca”"Mn*"0;” leading to mixed compounds such as
(L;af_i Cal* )(Mnf_*x Mn:*)03. The nominal electronic configurations of Mn®>* and
Mn*" are 34" and 34 respectively. For the Mn-oxides, metallic ferromagnetism
occur in the composition range 0.2 < x < (.5, where it is associated with the
simultaneous presence of Mn®* and Mn** ions. Each Mn®* ions has four 3d
electrons, three in the £, state and the fourth in the e, state. The Hund’s rule
coupling is very strong and so spins of all the d electrons on a given site must be
parallel. Three r,, electrons are localized on the Mn site and give rise to a local spin
S of magnitude 3/2, while the e, electron may hop into the vacant e, states of
surrounding Mn*" ions. Due to the strong Hund’s rule coupling, the hopping of an €q
electron between Mn’* and Mn*" sites are affected by the relative alignment of the
local spins, being maximal when the localized spins are parallel and minimal when
they are antiparallel.

It is widely accepted that there is a close correlation between the minimum in
the conductivity and the ferromagnetic-paramagnetic transition. After analyzing the
experimental data for these two samples [18] already reported, it is seen that both
samples are associated with residual resistivity p, = p (T = 0). A high residual
electrical resistivity appears to be prerequisite to the occurrence of the sharp
resistivity peak near T.. Since p, in the ferromagnetic ground state arises from the
nonmagnetic randomness rather than spin disorder, the results mentioned above
suggest that nonmagnetic randomness play a significant role in determining the

transport and magnetic properties of the Mn oxides. So we can hereby say that the
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ponmagnetic randomness together with the spin disorder leads to an Anderson
metal-insulator transition near 7 from which the anomalous properties of transport
magnetism of Mn oxides can be well understood.

Using the well established scaling theory [19], the electronic localization can
be clearly understood by considering the diagonal disorder and off-diagonal
disorder. The former is introduced to describe the nonmagnetic randomness and the

; laﬁer comes from DE model. The off-diagonal disorder alone can only localize a

ésmall fraction of electron states close to the band edges but fails to cause the

l

localization of the electron states at the Fermilevel for intermediate hole doping. So
"in the presence of a suitable strength of non magnetic disorder, the spin disorder
frozen in at the FM-PM transition will cause the localization of electrons at the
Fermi level and induce a M-I transition near 7 in the doping range 0.2 <x <(.5.

To make this point more clear, a theoretical approach has been introduced

[10, 11]. With that. the Hamiltonian used to describe the Mn oxides 1s

H=-YTdd +Y¢dd, (7.1)
L) J

The first term is the Double exchange Hamiltonian of e, electrons, with 1 being the
effective integral between nearest neighbouring Mn sites. It was proposed recently

that 7, has the form [9]

7= t{cos(% )cos(e% ) + sin(g/z)sin(é% J}exp{—i(¢, ¢ )} (12

where ¢ is the transfer integral in the absence of Hund’s rule coupling and (8,.¢,) are

the polar angles characterizing the orientation of local spin S;. The second term in

Eq. (7.1) represents an effective onsite disorder Hamiltonian that includes all
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 possible diagonal disorder terms, such as the potential fluctuations due to the

 substitution of La®* with Ca™. & stands for random on-site energies distributed

:' within the range [— I’%, I%]

So for a given system, the disorder parameter ¥ and the Fermienergy Er are

approximately unchanged, corresponding to a point in the phase diagram of Fig. 5.8.

12

Fig. 5.8: Phase diagram for the La-Ca-Mn-O system

However, since the spin disorder is temperature dependent, the mobility edge
varies with temperature. With the system changing from the FM ground state at 7 =
0 to the PM state at 7 > T, on warming, the mobility edge changes continuously

from E}(Ms) to E.(0). E.(My represents the mobility edge for the FM state in the
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| absence of off-diagonal disorder and E.(M = () for the PM state in the presence of
the off-diagonal disorder. M, represents the magnetization of completely aligned
spins. The phase diagram is divided into three regions by the mobility edges E.(My
and £,(0). If (W, Er) is in region I, the system always exhibits metallic behaviour in
both the FM and PM states; while if it is in region III, the system exhibits insulator
like behaviour. For (W, Er) in region I, the system will undergo an Anderson M-I
transition that is intimately related to the FM-PM phase transition. Such a transition
is associated with a dip in the electrical conductivity and thermal conductivity. The
same is observed in our case. So we can conclude by saying that the M-I transition

in our samples are of the Anderson fype, with 7, lying very close lo the Curie
mperature 7., where the magnetization decreases sharply from M = M, to M = 0.

the range of 0.2 < x < 0.5, relatively strong disorder 12t < W < 16.5¢ is necessary

#o make the M-I transition to occur [11].

!

; The specific heat capacity versus temperature curves for these
Esamples give the room temperature values for ¢, in the range 98-108 Jmol' K.
‘These values agree well with the previous high temperature specific heat
;measurements performed on this class of materials [12-14]. For these samples. we
fobserve a clear anomaly in the specific heat versus temperature curves that marks

the onset of long-range magnetic order. The temperature at which these peaks occur

agree well with the critical temperature determined from other measurements.

5.6 Conclusions

Thermal properties of two samples belonging to the LCMO system have been

studied in detail employing photopyroelectric technique. The samples selected for
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investigations — Lag7Cag3MnO; and LaggCag,MnO; - are found to exhibit M-I
transitions. The M-I transition in the samples gets reflected in thermal conductivity

and specific heat capacity data. The observations are explained in terms of the

existing models for these solids.
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CHAPTER 6

Photopyroelectric measurement of thermal

properties of La-Pb-Mn-O system

6.1 Introduction

The colossal magnetoresistance (CMR) behaviour and other properties of some
oxide materials have drawn extensive scientific and technological interest during the
last decade. The well-known CMR materials are the mixed valence manganites with
ABOj type perovskite structure. For example, Ry.; A, MnO; (where R is the trivalent
rare earth element like La, Pr etc. and A is the bivalent alkaline earth metal like Sr.
Pb. Ca. Ba etc., belong to this group of samples [1. 2]. The parent compound.
LaMnOs;, is a paramagnetic insulator (PMT) showing a phase transition to an
antiferromagnetic (AFM) phase at about 140K. With the La site doping by the
above-mentioned alkaline earth metal. the hole doped (0.1 < x < 0.5) oxide
perovskites show the ferromagnetic metallic state below the Curie temperature. 7.
The transition temperature 7),. separating the insulating and metallic phase lies in the
vicinity of Curie temperature 7, [1] around which resistivity decreases by several
orders of magnitude under the application of magnetic field resulting in the CMR
effect. However, in spite of enthusiastic efforts dedicated to this topic. detailed

microscopic mechanism responsible for magnetic and transport properties of these
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oxides is not yet well understood. Though several attempts have been made to
explain the magnetic and other properties considering double exchange (DE)
interaction [3] that renders Mn>*-O*-Mn"" bonds metallic, it has recently been
emphasized that this DE mechanism alone cannot uniquely explain the available
experiment data [4]. In many such samples, DE interaction between Mn®* and Mn'”
gives rise to the simultaneous presence of ferromagnetism and metallic (FMM)
behaviour. In addition to the DE, a strong electron-phonon interaction, giving rise to
J ah'Ln—Teller (JT) splitting of the outer 4 level plays an important role in the transport
mechanism, especially at temperatures near and above 7,. One way to monitor the
DE interaction is by the substitution of divalent ions at the R site, leading to the
variation of the ratio C = Mn*'/ Mn** which might lead to the lattice JT effect due to
the change of La site ion size. Another way is by doping of transition metal ion at
the Mn site, the center for the DE mechan.ism, which directly influences the DE
interaction and hence the transport and magnetic properties.

Recently the La-Pb-Mn-O type system has been elaborately studied because
of its high magnet ordering temperature (around room temperature). Like Mn,
Chromium (Cr) also exists in two valence states, Cr’* and Cr’". Since the electronic
configurations of Cr’* and Mn"" are identical, there is a possibility of substitution of
Mn by Cr. Recently Barnabe ef al:, [5] have shown that among various doping
elements, Cr was the most efficient one to induce metal insulator transition (MIT) in

LagsCagsMn,zA;Os. For the Cr doped system, the average A site cationic radius

(<ra>)is smaller than (~1.14 A) that of the corresponding undoped system

(~1.19 A). It is well established that antiferromagnetic (AFM) ordering becomes

180



stronger as < ra > decreases, so that doping level at the B site (here Mn), depending
on x, must be increased to counter balance the effect.

In this chapter we have studied the thermal properties, viz; thermal
diffusivity (), thermal effusivity (e), thermal conductivity (K) and heat capacity (¢,)
of three samples, belonging to La-Pb-Mn-O system, employing the
photopyroelectric technique. The samples selected for investigations are
Lay sPbosMnOs, Lag sPbgsMng.g5Cro.1s03 (to study the effect of the partial
substitution of Mn by Cr on the transport properties of the La-Pb-Mn-O system) and
LagsPbpsMnO; + 2.5 wt. % Ag (to analyze the effect of Ag on the thermal
conductivity of La-Pb-Mn-O system). The work done in this chapter is on sintered
bulk samples. In the following sections, we describe in detail sample preparation,

experimental details and discuss the results obtained.

6.2 Sample preparation

The samples for the present investigations have been prepared under almost identical
thermodynamical conditions by solid-state reaction technique. To prepare
Lag sPbg sMnOs, high purity (each of purity 99.99%) La;03, PbO and MnO, with
apﬁropriate stoichiometric proportions have been mixed and ground. The well-
mixed oxides are then pre-heated around 250°C for 5 hours in air. The pre-heated
samples have been re-ground and sintered at 900°C for 48 hours with intermediate
grindings. Finally, the powdered samples have been pressed into pellets which are

again annealed at 900°C for 24 hours and then slowly furnace cooled.
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Bulk samples of Lag sPbgsMng.gsCrg.1503 are prepared by standard sold state
reaction method with stoichiometric amount La,(COj;);, PbO, Mn(C,H;0,) and
Cr,03, each of purity 99.99% as the starting materials. The samples have been
characterized by X-ray diffraction with CuK, (1 = 1.541 A) radiation.

The so prepared samples have been cut, polished and the samples for the
photopyroelectric measurements are made to have a thickness of = 0.5mm. An
improved photopyroelectric has been used to determine the thermal parameters and
the details of the experimental set up ad measurement procedure are given in

Chapter 2 and subsequent chapters of this thesis.

6.3 Experimental details

A 120mW He-Cd laser of wavelength 2 = 442nm has been used as the optical
heating source and its intensity has been modulated using a mechanical chopper
(Model SR540). A PVDF film of thickness 28um, both sides coated with Ni-Cr, is
used as the pyroelectric detector having a pyroelectric coefficient of P = 0.25 x10*
Vem™ K™ The signal output is measured using a lock-in amplifier (SR 830). The
frequency of modulation of the light is kept above 30Hz to ensure that the detector.
the sample and the backing medium are thermally thick during measurements. The
thermal thickness of the three samples have been verified by plotting the PPE
amplitude and phase with frequency at different temperatures between room
temperature and 180K. These are given in figures 6.1(a), 6.1(b), 6.2(a), 6.2(b) 6.3(a)

and 6.3(b) for the three samples.
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Measurement of the PPE signal phase and amplitude enable one to determine
thermal diffusivity, @ = K /pc,, p being the density and effusivity e = (K,oc,,)”2
respectively [16]. From the measured values of « and e, K and ¢, of the samples are
determined, once density p is known. Density of these samples is measured using
Archimedes principle. The calibration of the experimental set up that has been done
prior to carry out the measurements is described in detail in Chapter 2 of the thesis
[7]. Measurements as a function of temperature have been made at a heating rate of
approximately 0.5 K/min and data are collected in every 1K interval normally and at
closer intervals near the M-I transition temperature. The temperature is measured

with a platinum sensor placed close to the chamber.

6.4 Results

Figures 6.4(a) and 6.4(b) show the variation of PPE amplitude and phase with
temperature of LagsPbpsMnO; sample. The PPE amplitude decreases with
temperature, reaches a minimum at 7 = 276K and then increases with temperature.
The PPE phase decreases with temperatures normally and exhibits a step like
behaviour at 7' = 276K, corresponding to the metal-insulator transition temperature.
The M-I transition is clearly reflected in both PPE amplitude and phase variations
with temperature. Fig. 6.5 gives the variation of thermal diffusivity (@) and thermal
effusivity (e) of LagsPbosMnOj; sample with temperature. Since thermal diffusivity
is dependent only on PPE phase, the variation of thermal diffusivity has almost a
constant value up to the transition and thereafter steadily decreases up to room
temperature. Fig. 6.6 exhibits the variation of thermal conductivity and heat capacity

with temperature.
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The behaviour of thermal conductivity and heat capacity are almost identical.
exhibiting a peak at the transition temperature and thereafter decreases with
temperature.

Figures 6.7(a) and 6.7(b) show the variations of PPE amplitude and phase
with temperature of Lag sPbp sMng.35Crg.1503 The variations of PPE amplitude and
phz_lse are similar to the former case, showing a clear anomaly at 7=256K, the metal-
insulator transition temperature. Fig. 6.8 denotes the variation of thermal diffusivity
(@) and effusivity (e) of LagsPbysMng.35Crp.1503 sample. It is seen that the M-I
transition temperatures has been shifted to lower temperatures due to Cr doping.
Fig. 6.9 shows the variation of thermal conductivity and heat capacity with
temperature. The behaviours of K and ¢, follow the same variation as in the former
case, with the transition temperature shifting to a lower value.

Now in order to analyze the effect of Ag doping on the thermal conductivity
of La-Pb-Mn-O system, we have studied the thermal parameters of Lag 7Pbg3MnQO;
+2.5 wt. % Ag. Figures 6.10(a) and 6.10(b) show the variations of PPE amplitude
and phase with temperature. There is a clear anomaly at the M-I transition
temperature, 7=262K, in this case. Fig. 6.11 shows the variation of thermal
diffusivity («) and thermal effusivity (e) of the Lag7Pbo3MnO; + 2.5 wt % Ag. The
variation 1s similar to the former two cases. Fig. 6.12 depicts the variation of thermal

conductivity and heat capacity of this sample with temperature.
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6.5 Discussion of the results

The observed peaks in thermal conductivities of three samples are explained as
follows. The parent compound LaMnO; is an antiferromagnetic insulator where Mn
ions are in the Mn®" state. However, when doped with divalent ions (here Pb).
contains both Mn** and Mn*" ions. These ionic states fluctuate due to electron
transfer between them. As a result of this electron transfer, antiferromagnetically
ordered spin cants and both magnetization and conductivity appears simultaneously.
Since the magnetic susceptibility of the sample arises mostly due to the presence of
Mn*" ions, from the nature of the susceptibility data one can have an idea about the
number of Mn*" ions. Mc. Gurie et al. [8] have shown that high p (resistivity) value
is an evidence of weak double exchange because of low Mn*" concentration. This
has been verified in ref. [9], where the susceptibility value of La-Pb-Mn-O system is
lower for sample showing high resistivity with relatively low Mn** concentration.
For the Mn oxides, metallic ferromagnetism occurs in the composition range
0.2 < x < 0.5, where it is associated with the simultaneous presence of Mn>" and
Mn*" ions. Each Mn>* ion has four 3d electrons, three in the 1, state, and fourth in
the e, state. The Hund’s rule coupling is very strong so that spins of all the d
electrons on a given site must be parallel. Three 1, electrons are localized on the Mn
site and give rise to a local spin S of magnitude 3/2, while the ¢, electron may hop
into the vacant e, states of corresponding Mn** ions. Owing to the strong Hund's
rule coupling, the hoping of an ¢, electron between Mn®* and Mn*" sites is affected
by the relative alignment of local spins, being maximal when the localized spins are
parallel and minimal when they are antiparallel. The sharp increase in conductivity

near M-I transition can be attributed to the fact that an increase in the magnetization
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M upon cooling should reduce spin disorder scattering and this increases the carrier
conductivity, consequently increasing thermal conductivity.

As pointed out by Mills et al., [10, 11] however the double exchange model
alone can’t explain the sharp increase in the conductivity near 7, and associated
CMR phenomenon. Based on the strong electron-phonon coupling in these
materials, Mills et al., [10, 11] proposed that the M-I transition involves a cross over
from a high-T polaron dominated magnetically disordered regime to a low-T
metallic magnetically ordered regime. On the other.hand, some have argued the
possible importance of the quantum localization effect caused presumably by the
strong magnetic disorder fluctuations in the system around and above the magnetic
transition and proposed that the M-I transition in the CMR materials 1s the Anderson
localization transition — a quantum phase transition driven by magnetic disorder [12-
15].

To make the discussion more concrete, let us consider a model discussed in

Ref. 14 and 15 to describe the possible Anderson transition in Mn oxides.

H, =—ZZ_/ d; d_; + ZE, d’ d +cc (6.1)
1y J

Here, the first term is the double exchange Hamiltonian 1n  which

z,z,{cos(%)ws(% j+s,-n(%)sm(%)}ex,){-,-(¢,_¢,)}, with 1 the

hopping integral in the absence of the Hund’s coupling and the polar angles (8,,4,)

characterizing the orientation of local spin 5’, The second term in Eq. (6.1)

represents an effective onsite disorder Hamiltonian (which should lead to the M-I
Anderson transition in the model), such as the local potential fluctuations due to the

substitution of R** and A**. Here & stand for random on-site energies distributed
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within the range [—% %] For a given composition, the diagonal disorder.

namely, {5, }or W, is fixed, but the bandwidth is controlled by the double exchange

hopping integral. Therefore the effective strength of the disorder is determined by
t". Experimentally the disorder strength may be tuned by introducing an external
magnetic field B and / or by changing the temperature 7. As magnetic field B
increases, the magnetic ions tend to align along the same direction so that the
magnitude of ' and hence the bandwidth, increases. As T is lowered below T, there
is spontaneous polarization that can also increase the bandwidth to reduce the
disorder strength, causing an increase of thermal conductivity around the M-I
transition temperature.

To analyze the effect of Cr doping, we have studied the variations of thermal
parameters of LagsPbgsMng.gsCrp.15O3 sample. The present result in the Double
Exchange (DE) framework suggests that Cr** must be partially ferromagnetically
coupled to the Mn** and Mn** species. The doped Cr is a neighbour of Mn in the
periodic table and it is generally believed that in the manganese oxides with

perovskite structure, these elements exist in the form of Cr’", and Mn®" and Mn*

[16]. Their electronic configurations are Cr’ : 13, (S =3/2), Mn>* : 1] ¢! (S=2)and

4 . 3 _ . 1 3+ . . ,
Mn"": 1, (S = 3/2), among which only the e, electron of Mn’" is electronically
active. The ionic radii of Cr’*, Mn’* and Mn*" are 0.615, 0.645 and 0.531 A
respectively [17]. Due to the nearly same ionic radius, the doped Cr ions replace

Mn’* in the form Cr’*. Cr’* has the same electronic configuration (1], ) as Mn™" and

hence there should be FM double exchange (FMDE) interaction between Mn®" and

Cr*" just as that between Mn’* and Mn*". It is evident that the presence of Cr in the
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Mn®- O~ Mn" network disturbs the lattice (increase of electron-phonon
interaction) favouring the formation of polarons and hopping occurs between the
different valence states of Mn in the insulating phase.

Several recent studies have suggested that the nature of the charge carriers
responsible for transport in such systems above 7, is localized [10, 18-22}. The
charge localization leads to a temperature dependence of thermal conductivity which
can be described by two different aspects viz. charge localization due to lattice
distortion (small polaron formation) and variable range hopping via coulomb gap.
On the other hand, in low temperature phase, where the ordering of the carriers.
takes place in the Mn network, favouring electron hopping from Mn** to Mn*" sites

“leading to the FMM state due to double exchange. Hence with Cr doping in the La-
Pb-Mn-O system, Mn®" / Mn*" ratio decreases (as Cr’" acts as Mn*"). But, since the
Cr*"- Mn®* FMDE interaction is smaller than that of Mn**- Mn** [23]. The effective
FMDE interaction becomes weaker with Cr doping. resulting in a gradual decrease
of T, with increasing Cr concentration. This is verified with our measurements. with
T, shifting to 256K for this sample.

For the LagsPbosMnO; + 2.5 wt. % Ag, it is seen that the variation of
thermal conductivity and heat capacity follow the same pattern as the former two
cases except for the transition temperature value. But the value of the thermal
conductivity is significantly higher than the other two systems, giving an evidence of
the increase in carrier concentration to Ag doping.

The specific heat capacity versus temperature curves for these three samples.
give ihe room temperalure values for ¢, in the range 98-108 J mol™ K. These

values agree well with the previous high temperature specific heat measurements
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performed on this class of materials [24-26] and with Dulong and Petit’s law for a
system made up of molecules containing five atoms including three light oxygen
atoms. [26]. For these samples, we observe a clear anomaly in the specific heat
versus témperature curve that mark the onset of long-range magnetic order. The
temperature at which these peaks occur agree well with the critical temperature

determined from other measurements.

6.6 Conclusions

Thermal properties of La-Pb-Mn-O system have been studied employing
photopyroelectric ~ technique. Thermal parameters of samples, namely
Lag sPbgsMnOs, Lags PbgsMng.gsCrg. 1503 and Lag7Pbo3sMnO; + 2.5 wt.%Ag. are
found to reflect metal-insulator transitions at temperatures 276K, 256K and 262K

respectively. The results obtained are explained in terms of various models.
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CHAPTER 7

Thermal properties of LagsSrosCo1.xNiOs3
system using PPE technique

7.1 Introduction

LaCoOj; and other rare-earth cobaltates are of interest because of the peculiar way
their magnetic and transport properties change with temperature [1-6]. To explain
this behaviour, early work on LaCoO; established the existence of a thermally
induced spin transition from low-spin Co to mostly high spin Co’" [1]. Since then.
many investigations have been carried cut in order to elucidate how this spin
transition takes place and the material evolves from a semiconducting to a metallic
behaviour as the temperature increases [7-12]. Substitution of Sr** for La’* in
LaCoO; brings about remarkable changes in the system [13-16]. While the
LaCoOj; shows high resistivity and antiferromagnetic exchange interactions, the
La,..Sr,MnOj.s materials evolve towards a ferromagnetic intermediate spin state.
Spin glass (SG) states have been found in a wide variety of systems
including magnetic insulators or amorphous alloys with certain characteristic
features-frozen in magnetic moments below some freezing temperature 7, lack of
periodic long-range magnetic order and magnetic relaxation over macroscopic time
scales below T,y where there are changes of magnetic field. A modified version of
the SG system. termed “cluster gluss™ (CG) can be considered to be a set of clusters.

formed by short range ordering at some temperatures near the Curie temperature 7.



Below T, the cluster glass system is expected to show SG-like behaviour with
increased spin density [17, 18].

According to the phase diagram suggested for La;..Sr,CoO; on the basis of
magnetization measurements, Lag sSry<CoO; belongs to the cluster glass phase. in
this system the double exchange interaction between trivalent and tetravalent cobalt
spins and exchange interaction between high spin Co'* and Co™ is considered to be
ferromagnetic, whereas the super exchange interactions between high spins Co®” -

Co®" and Co* - Co* are antiferromagnetic. Co" and Co®" differs in their spin

1

configuration, Co"' is in the 15, e, '4,, state and Co’™ in 1, ¢} ,°T,, state. The

competition between ferromagnetic and antiferromagnetic interactions along with
the randomness lead to the SG states observed for 0 < x < 0.18. When the
ferromagnetic exchange interactions first overcome the antiferromagnetic one, the
cluster glass phase appears with short range ferromagnetic ordering for 0.18 < x <
0.50 [19]. Anilkumar ef al. [20] have concluded that the cluster glass like magnetic
properties of Lag sSrpsMnOs originate from its magneto crystalline anisotropy and
the compound is a long-range ordered ferromagnet. Caeiuffo et «l. [21] have very
recently reported that long-range ferromagnetic order between cluster is realized
even for Sr doping as low as x = 0.10 and the transition to a spin glass state is
observed only for x < 0.1. They have observed identical T, for all compositions in
the range 0.1 < x £ 0.30, contray to the previous reports that 7, varies with x in
La,..Sr,Co0s.

The spin transitions in cobalt pervoskites induced by temperature and the
doping of charge carriers are rather unusual and are as controversial today as when

they were proposed initially [13, 22]. The ground state electronic spin configuration

o
=}
o



of Co in its parent compound LaCoQy; is the low-spin (LS} (13, e, ) state. A broad

transition in the magnetic susceptibility observed at ~ 100 K [6, 10] corresponds to

the thermal activation of an excited state which could be either a high spin (HS)
("34;: ef_) or an intermediate spin (IS) {!i el,) configuration. Several studies have

provided evidence to support one transition type over the other but the issue stiil
remains unsolved [3. 6-10] with the majority of new results pointing towards the
sequence of LS-IS-HS with increasing temperature.

With doping, one observes a similar evolution in the magnetic and transport
properties of La;,Sr,CoO; as in the manganites [23, 24]. The competing
mechanisms for activation, driven thermally and / or doping, result in the
establishment of ferromagnetic Co-Co coupling through the creation of either IS or
HS states. The fact that the cobalt perovskites do not exhibit colossal
magnetoresistance (CMR) in spite of their high metallic conductivity suggests that
fundamental differences in the strength of the spin to change and lattice coupling
between the two systems exist [25].

In this chapter, we present the results of our investigations on the thermal

properties of LapsSrysCoOs system employing the photopyroelectric technique
already described. We have also taken seven samples of Lag sSrg sCo;. Ni,O; with x
= 0.0,0.1,0.2,0.3,0.4,0.5,0.6, to investigate the variation of thermal properties of
Lag sSrgsCoO; upon Ni doping. Even though LaNiO; and LaNi;Co,O; have been
studied in detatl by several earlier workers {26-28], the system Lag sS1rg5C0,..Ni, O3
has been studied for the very first time. Attempts have been made to explain

variation of thermal properties upon Ni doping on the basis of existing models.



In the following subsections. we give details of sample preparation, experimental
technique used and results obtained. A detailed discussion of the results is given at

the end of the chapter.

7.2 Sample preparation

The sample Lag sSrgsCoO; was prepared by the high temperature ceramic method as
reported earlier [13, 29]. Appropriate molar ratios of La;Oz; which has been
preheated at 1000 °C. cobalt oxide Co304 and SrCQj are thoroughly mixed and ball
mixed for 24 hours. The powder is dried and then calcined at 1000 “C for 4 hours.
The calcined powder is ground well in an agate mortar. The fine powder so obtained
is pressed into pellets of thickness 1 mm and 10 mm diameter under a pressure of
-about 150 MPa. The so obtained sample is cut, polished and the thickness is made to
~ 0.5mm for the photopyroelectric measurements.

The samples of LagsSrpsCoiNi,O; have been prepared by taking
appropriate molar ratios of NiO, along with earlier constituents. The samples have
been prepared by the high temperature ceramic method as already described. The so
prepared samples are made to a thickness of = 0.5mm for photopyroelectric

measurements.

7.3 Experimental details

The improved photopyroelectric technique has been used to determine the thermal
parameters of the samples. The details of the experimental set up have already been
described in Chapter 2 of this thesis. A 120 mW He-Cd laser of wavelength 4 =

442nm has been used as the optical heating source and the intensity modulation is



done by a mechanical chopper (SR540). A PVDF film of thickness 28um, with Ni-
Cr coating on both sides. is used as the pyroelectirc detector, with a pyroelectirc
coefficient P = 0.25 x 10® Vem™'K™'. The output signal is measured using a lock-in
amplifier (SR830). Modulation frequency is kept above 40Hz to ensure that the
detector, the sample and the backing medium are thermally thick during
measurements. The thermal thickness of LagsSrgsCo0O;3 and LagsSrgsCogeNigsOs
samples has been verified by plotting the PPE amplitude and phase with frequency
at different temperatures between room temperature and 180 K and are given in
figures 7.1(a) - 7.2(b) respectively.

Measurement of the PPE signal phase and amplitude enable one to determine
thermal diffusivity a = k/pc,. p being the density and effusivity e = Jkc,p

respectively [30]. From the measured values of & and e, K and c,, of the samples are
determined, knowing density p. Density of the samples is measured using
Archimedes principle. The calibration of the experimental set up has been done prior
to carry out the measurements as described in detail in Chapter 2 of the thesis.
Measurements as a function of temperature have been made at a heating rate of
approximately 0.5K/min and data collected in every 1K interval normally and at
closer intervals near the M-I transition temperature. The temperature is measured

with a platinum sensor placed close to the sample inside the measurement chamber.
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7.4 Results

Figures 7.3(a) and 7.3(b) show the variation of PPE amplitude and phase with
temperature for the LaysSrosCoO; sample. It is seen that the PPE amplitude
decreases monotonically with temperature, unlike the cases described in chapters 5
and 6. The PPE phase also behaves in a similar manner, with a gradual decrease in
its value with temperature. No anomaly is observed in either the PPE amplitude or
phase as the temperature ts varied from room temperature to = 150 K.

Fig. 7.4 shows the variation of thermal diffusivity and thermal effusivity of
Lag sSry sCoO; sample with temperature. It is seen that thermal diffusivity shows a
gradual decrease, with no anomaly at any of the temperatures. Since the thermal
diffusivity is directly proportional to PPE phase, behaviours of a vs T is almost
identical to the variations in PPE phase. Thermal effusivity shows a gradual increase
from 180 K upto room temperature. The behaviour of these two parameters is an
indication that no M-I transition occurs for the LagsSrgsCoO; sample, with the
system showing pure metallic behaviour throughout the scanned temperature range.

Fig.7.5 shows the variation of thermal conductivity and heat capacity of
Lag sSry sCoO; sample with temperature. It is seen that thermal conductivity shows a
pattern similar to thermal diffusivity variation, whereas heat capacity increases with
temperature. Thermal conductivity variation with temperature highlights the metallic
nature of LagsSrysCoO; sample with no M-I transition seen between 180 K and

300 K.
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Now to highlight the effect of Ni doping on Lag sSrpsCoO; system we have
measured the thermal parameters of Ni doped Lay sSrgsC0;..Ni,O; system with x =
0.0. 0.1, 0.2, 0.4, 0.5, 0.6. Fig. 7.6 shows the variation of thermal diffusivity and
thermal effusivity with Ni concentration. It is seen that up to 0.6 %. thermal
diffusivity increcases monotonically with Ni content, showing that Ni doped
Lag sSrpsCo0; system shows a metallic nature up to 0.6 % of Ni. Thermal effusivity
increases more rapidly up to 0.4 % and thereafter shows a slight decrease in its
value.

Fig. 7.7 shows the variation of density with Ni concentration. It is seen that
density shows almost a linear variation with Ni content. The maximum error
expected in the value of density is = 1%.

Fig. 7.8 shows the variation of thermal conductivity and heat capacity with
Ni concentration. Unlike thermal diffusivity, which shows a gradual increase with
composition. thermal conductivity shows a more rapid increase upto 0.4 % and
thereafter the value is almost constant for the other two compositions. Heat capacity
also behaves in a similar manner. These behaviours also suggest the metallic nature
of Ni doped samples. So composition dependent M-I transition predicted for this
system is not observed upto 0.6 at. % of Ni. which is in agreement wit earlier similar
systems.

Now to analyze the temperature dependent behaviour of Ni doped
Lag sSry sCo0O; system, we have done measurements from 180 K on 0.4 % Ni doped

Lag sSry sCo0O; systems.
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content of Lag sSrp sCo,.,N1,03 system

6.4
./——-"‘-
_ l/
£
wp 6.2 F
=
= =
=
[-*]
o) /
6.0+ /
™
0.0 0.1 0.2 03 0.4 0.5 06

Ni content ( x atm. % )

Fig. 7.7: Variation of density with Ni content of Lag sSrg sCo,.,Ni O3 system

o
—_—
19



l-:‘ 3.0
'E _ -
(3] B | :
= 25} & B 120 ¢
- TT—a T
) \t V4]
e . -
> 415 g
= <
=15} ./ &
T — S
e A <
S 1.0 A/ 11.0
=
E
: 05 1 i 1 1 1 i 1
= 0.0 0.1 0.2 0.3 0.4 0.5 0.6
e

Ni content ( x atm. % )

Fig. 7.8: Variation of thermal conductivity and heat capacity with Ni content
of Lay sSrp 5Coy. Ni O3 system

Fig. 7.9(a) and 7.9(b) exhibit the variation of PPE amplitude and phase with
temperature for LagsSrpsCogsNigsO3 sample. As in the earlier case, both PPE
amplitude and phase do not show any anomaly throughout the temperature range.
The observed variation follow the pattern seen in Lag sSry sCoQO3 sample.

Fig. 7.10 shows the variation of thermal diffusivity and thermal effusivity
with temperature. Thermal diffusivity decreases with temperature, similar to the PPE
phase variation and thermal effusivity increases with temperature. The values of «
throughout the temperature range has been increased substantially upon Ni doping.
Thermal effusivity shows an increasing behaviour with temperature.

Fig. 7.11 shows the variation of thermal conductivity and heat capacity of
this sample. The variations of both K and ¢, are identical to that of the parent sample

LaysSrpsCo0;. As in the case of a. value of K increases substantially upon Ni

doping.
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7.5 Discussion of the results

The observed variation of thermal parameters in Lag sSrp sCoOj can be explained as

follows. In LaCo0Qs, all the cobalt ions are in the diamagnetic low-spin configuration

at very low temperatures. The low spin Co" (1, €0, '4, ) is, however, more stable

with respect to high spin Co™ (¢5, ¢2,* T, ) by only about 0.05 eV. With increase of

o
temperature, the Co" ions transform to Co®". Raccah and Goodenough [14]
identified a symmetry change from R 3 to R 3 after this ordering and also observed a
transition due to de localization of the ¢, electrons (localized at lower temperatures
at high-spin Co®" ions) to o - band electrons at 1210 K. Beyond this ¢y - O
transition, LaCoO; becomes metallic.

Substitution of Sr** for La** in LaCoO; leads to high resistivity and
antiferromagnetic exchange interactions; the La,.,Sr,CoO; materials evolve towards
a ferromagnetic intermediate spin state with o electrons, as x increases [22].
Bahadur er «l. [31] have reported Mgssbauer data supporting the intermediate spin
state for the ferromagnetic regions of their samples. According to carly literature. the
x = 0.5 composition is a good conductor (p < 107 Qcm) and has a metallic
temperature cocfficient. In addition, it is a ferromagnet. Early studies on
La;.,Sr,CoO5 led to the suggestion that in the doped samples, paramagnetic La’
regions coexist with ferromagnetic Sr™* rich clusters in the same crystallographic
phase, the ferromagnetic component increasing with x.

The ferromagnetism observed in the system La;.,Sr,CoOj; could be due to
one of the following three mechanisms (1) ordering of high spin and low spin

cations through ferromagnetic super exchange between them via the intervening



oxygen ion [22. 33] (2) Zener double exchange [33] (3) itinerant-electron
ferromagnetism [14. 22]. The first mechanism. based on a localized electron model
duc to Anderson. was modified by Goodenough to account for the ferromagnetic
interactions observed in the system. He showed that if octahedral site magnetic
cations are located on opposite side of a common anion, they interact
ferromagnetically if one cation has completely empty ¢, orbitals and the other was
half filled e, orbitals. But, later this mechanism was abandoned in favour of the
itinerant electron ferromagnetism

As per the phase diagram for La;..SryCoO;. shown in Fig. 7.14, suggested by
Goodenough. Lay sSrysCoO3 belongs to the cluster glass phase. In this system. the
double exchange between the trivalent and tetravalent cobalt spins and the exchange
interaction between high spin Co'" and low spin Co" is considered to be
ferromagnetic whereas the super exchange interactions between high spin (Co’"-
Co**. Co**-Co™) are antiferromagnetic. The competition between the ferromagnetic
and antiferromagnetic interactions along with the randomness lead to SG states
observed for 0 < x < 0.18 — when the ferromagnetic exchange interactions just
overcome the antiferromagnetic one, the cluster glass phase appears with short range
ferromagnetic ordering (0.18 <x <0.5) [22].

In addition to the difference between the field dependences of
magnetoresistance. doped cobaltates and manganates have other important
differences. One noteworthy difference is between their zero-field resistivities. In
the manganate system La;..AMnQOs, the resistivity is activated in the paramagnetic

state (i.e., for T > T, dp/dT < 0) and as T is decreases it shows a peak at 7 = 7., and

for T < T,, p shows metallic behaviour (i.e., dp/dT > 0). This peak in pis taken as a
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Fig. 7.14: Phase diagram of La;.,Sr,CoQOj system

signature of an insulator-metal transition. In the cobaltate system. no such peak is
seen in p as a function of T, implying that there is no temperature-driven insulator-
metal transition in the system. In this system the insulator-to-metal transition is
brought about by changing the composition and occurs when the system is already
ferromagnetic as well as metallic due to the mixed valency of the transition

properties. The main difference is likely to arise from the electronic / spin structure

and the coupling of the lattice distortions to the spins. Mn'" has a /3, ¢!

R . d+ - . . .
configuration. while Co™ in the high-spin state has a l‘;x ef, configuration. The

. . . 3 . . .
existence of empty ¢, orbitals in Co™" may be responsible for the gqualitative

difference in the electronic transport behaviour.



The effect of Co doping on the La-Ni-O system has been studied in detail by
earlier workers. Thermal and electric properties of LaNi; Co,03; have been dealt

with in detail in ref. [26]. It is seen that while LaNiQOj; is metallic. LaCoOj is an
insulator. Co®* is in the low-spin state (I;’L, ,eE) at low enough temperature (7 <
200K). the conduction band ¢ band formed by the ¢, state and oxygen p-orbitals is
empty and the 1, band is full. At higher temperatures, 7 > 200 K, the Co ion
undergoes a transition to a high-spin state !;A, e,L ; which populates the ¢~ band and
the conductivity increases. [26]. The substitution of Co also introduces disorder
because of the difference in the 3d levels [E*(Co) - E*(Ni) = lel]). Most probably.
the M-l transition in this material occurs in the o band. Previous studies on

LaNi;.,Co,O; have shown that as x is increased, do7dT (at room temperature)

I

changes sign for x =0.4, which corresponds to n = 10% / cm’. This electron
concentration is estimated from the assumption that each Ni*‘contributes one
electron to the conduction band.

The results we obtained on thermal conductivity also have similar pattern.
with the thermal conductivity increasing up to x = 0.6 (corresponding to Co
concentration of 0.4). suggesting that Ni doping introduces disorder in the system

causing as increase in the thermal conductivity.

7.6 Conclusions

Thermal parameters viz.. thermal conductivity, thermal diffusivity, thermal
effusivity and heat capacity of La;sSrysCoO; have been measured between 180 K
and 300 K. It is seen that the system is metallic throughout the temperature range

and we can say that no temperature dependent M-I transition 1s observed. To analyze



the effect of Ni doping on of La;sSrysCoO;, we have measured composition
dependent variations of a. ¢. K and ¢,. The thermal conductivity is found to increase
with Ni content. We have also measured the temperature dependence of thermal
conductivity and heat capacity on Lay sSrysCoysNigsO; sample. As in the former

case. this system also does not exhibit any temperature dependent M-I transition.
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CHAPTER 8

Summary and Conclusions

A complete characterization of thermal properties of a material requires the
determination of thermal properties such as thermal diffusivity, thermal effusivity.
thermal conductivity and heat capacity. Simultaneous determination of thermal
conductivity and heat capacity, as a function of temperature would be highly
informative since it would allow studies of critical behaviours of thermal parameters
when the material undergoes a phase transition. The overall aim of the work
presented in this thesis is to present the photopyroelectric spectroscopy as an ideal
technique for the thermal characterization of samples near solid-state phase
transitions.

The photopyroelectric (PPE) technique involves measurements of the
temperature increase of a sample due to the absorption of radiation by placing a
pyroelectric detector in thermal contact with the sample. The photopyroelectric
effect has a number of advantages over other temperature detection techniques, such
as its extreme simplicity, good sensitivity and non-destructive probing ability. PPE
spectroscopy is less complex and less expensive than photoacoustic and
photothermal deflection spectroscopies. In PPE measurements, the sample is heated
by a modulated light beam on one side and a pyroelectric detector detects the
temperature oscillations on the opposite side of the sample.

This thesis presents in detail, the theoretical developments and calculations

which are used for the simultaneous determination of thermal parameters. namely



thermal diffusivity (a). thermal effusivity (e), thermal conductivity (K) and heat
capacity (cp) employing photopyroelectric technique. In our calculations. we have
assumed that the pyroelectric detector is supported on a copper backing. so that there
will be sufficient heat exchange between the heated pyroelectric detector and the
backing so that the signal fluctuations are reduced to a minimum. Since the PPE
signal depends on the properties of the detector that are also temperature dependent.
a careful temperature calibration of the system need to be carried out. APPE cell has
been fabricated for the measurements that can be used to measure the thermal
properties of solid samples from = 90 K to =~ 350 K. The cell has been calibrated
using standard samples and the accuracy of the technique is found to be of the order
of + 1%.

In this thesis, we have taken up work n photopyroelectric investigation of
thermal parameters of ferroelectric crystals such as Glycine phosphite
(NH3CH,COOHj;PO0:;), Triglycine sulfate and Thiourea as well as mixed valence
perovskites samples such as Lead doped Lanthanum Manganate (La; \Pb,MnOj;)
Calcium doped (La;.,CaMnO;) and Nickel doped Lanthanum Stroncium Cobaltate
(Lay sSrpsNiyC0y40;).The three ferroelectric crystals are prepared by the slow
evaporation technique and the mixed valence perovskites by solid state reaction
technique.

Mixed valence perovskites, with the general formula R, .,A\MnO; (R = La.
Nd or Pr and A = Ba, Ca, Sr or Pb) have been materials of intense experimental and
theoretical studies over the past few years. These materials show ‘colossal
magnetoresistance’ (CMR) in samples with 0.2 < x < 0.5 in such a doping region,

resistivity exhibits a peak at T = T}, the metal — insulator transition temperature. The
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system exhibits metallic characteristics with d%T > Oabove T, (wherep is the

resistivity) and insulating characteristics with d%T < 0 above T,. Despite

intensive investigations on the CMR phenomena and associated electrical properties.
not much work has been done on the variation of thermal properties of these
samples. We have been quite successful in finding out the nature of anomaly
associated with thermal properties when thg sample undergoes M-I transition.

The ferroelectric crystal showing para-ferroelectric phase transitions -
Glycine phosphite. Thiourea and Triglycine sulfate — are studied in detail in order to
see how well the PPE technique enables one to measure the thermal parameters
during phase transitions. It is seen that the phase transition gets clearly reflected in
the variation of thermal parameters. The anisotropy in thermal transport along
different crystallographic directions arc explained in terms of the elastic anisotropy
and lattice contribution to the thermal conductivity. Interesting new results have
been obtained on the above samples and are presented in three different chapters of
the thesis.

In summary. we have carried investigations. of the vanations of the thermal
parameters during phase transitions employing photopyroelectric technique. The
results obtained on different systems are important not only in understanding the
physics behind the transitions but also in establishing the potentiality of the PPE
tool. The full potential of PPE technique for the investigation of optical and thermal
properties of materials still remains to be taken advantage of by workers in this field.

THRI& 15 lot of scope for doing good work to get important results on the ther
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