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PREFACE

During the last two decades there has been consi
derable interest in time development and characterisation
of new materials suitable for a wide range of technological
applications. Progress in the field of materials science
has thus made it possible to identify and produce a variety
of new substances suitable for evolving novel systems and
a host of other devices. A greater understanding of the
structue and properties of these materials has resulted
essentially from the use of a number of sophisticated
analytical techniques which give precise information regard
ing the behaviour of the materials under specific physical
conditions. In this context, the study of properties like
electrical conductivity, dielectric constant and ionic
thermocurrent and photoacoustic response can yield valuable
information on the nature and characteristics of the mater
ial under investigation. The phenomenon of phase transi
tion exhibited by a large number of crystalline solids
is one such aspect which is especially suitable for a
detailed study using the above technique. The thesis
attempts to summarise the work carried out in this direct
ion by the author during the past few years in the Depart
ment of Physics of Cochin University of Science and Techno
logy.
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In the present thesis a series of exhaustive
investigations have been carried out on a number of crystal
line samples with special reference tx> the jphase transi
tions exhibited by them. These include single crystals
of pure, doped or deuterated specimens of certain ammonium

containing crystals viz., (NH )3H(SO4)2, (NH4)2HPO4,4

(NH4)2Cr2O7 znui NH4H2PO4. ac/dc electrical conductivity,
dielectric constant, ionic thermocurrent as wwifil as photo
acoustic measurements have been carried out on most of
them over a wide range of temperature. In addition investi
gations have been carried out in pure and doped single

crystals of NaClO3 and NaNO3 using ionic thermocurrent
measurements and these are presented here. Special attention
has been paid to reveal the mechanism of electrical conduct
ion in various phases of "these crystals and to evaluate
the different parameters involved in the conduction as well
as phase transition process.

The thesis contains ten chapters ‘which tnr and
large are self contained with separate abstracts, conclu
sions and references. In the first chapter, a. general
introduction is given to provide an understanding of the
importance of the study of phase transition in solids and
many of its theoretical aspects. Special attention has
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been paid to the study of this phenomenon in relation to
the electrical and photoacoustic properties. This section
also describes, the various techniques generally employed
to elucidate the mechanisms of these phase transitions
occurring in these materials. A brief theoretical back
ground of the techniques employed for the present investi
gation is also presented in this section. In the last
part of this chapter a brief discussion of the various
applications of phase transition is also given.

Various experimental systems employed as well
as fabricated specifically' for iflua present investigation
are described in chapter II. The experimental systems
fabricated include, a pulling rate controller for Bridgman
furnace, a thin film vacuum evaporation unit for electrode
deposition, a metallic cell for temperature variation
measurement of electrical properties and a low temperature
cell for photoacoustic study of phase transitions.

The experimental investigations carried out in
single crystals of pure and deuterated triammonium di
sulphate (TAI-IDS) using electrical conductivity and diele
ctric constant measurements are described in chapter III
and in pure and doped diammonium hydrogen phosphate are
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given iml chapter IV} The mechanisms of electrical condu
ction processes and of the different phase transitions
in these crystals are also discussed in these chapters.

Extensive study of thermally stimulated depolari
zation current (TSDC) measurements carried out in single

crystals of pure and S03: doped specimens of
(NH4)2HPO4 in the temperature range 80K to 423K are pre
sented ixx this chapter V3 Detailed analysis of the TSDC
spectra.ans a function of poling field, poling temperature,
poling time, impurity concentration and effect of heating
rate has been carried out and these investigations reveal
the origin and nature of each of the peaks occurring in
the TSDC spectra.

In the sixth chapter, the detailed investigations
carried out in single crystals of pure and doped ammonium
dichromate (AD) grown from solution using electrical condu
ctivity, dielectric constant and ionic thermocurrent
measurements have been presented. The photoacoustic stud
ies of phase transitions in AD and ammoium dihydrogen phos
phate (ADP) are presented in chapter VII. The power and
versatility of this technique to characterise materials
undergoing phase transitions» are clearly' demonstrated in
this chapter.
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. _ . . . . 2+ 2+The effect of various impurities like Ba , Pb ,

Sr2+ and Ca2+ ions on the ITC spectra of NaC1O3 crystals
have been presented in chapter VIII. The activation energy
values as well as time various relaxation parameters obta
ined from these measurements are also given here.

Chapter IX deals with the study of TSDC and ther
mally stimulated polarization (TSPC) measurements carried

out in pure and doped single crystals of NaNO3. The effect
of various experimental parameters like poling field, pol—
ing temperature, concentration of impurities and effect
of heating rate on the TSDC and TSPC spectra are discussed
in detail. The role of phase transition on TSDC and TSPC
of this material has been specially investigated. Accurate
fixing of transition temperature has been achieved here
for the first time in this material.

The last chapter presents the investigations
carried out in doubly doped specimens of sodium nitrate
crystals using ITC technique and the effect of various
experimental parameters cum the ITC spectra of NaNO3. The
experimental techniques employed here establish clearly
the superiority and sensitivity' of the present approach
for detecting phase transitions occurring in crystalline
solids.
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Chapter 1

INTRODUCTION

Abstract

This chapter presents an overview of ideas and
concepts necessary' for the exposition of time importance
of the study of phase transitions in solids. It also
describes a reasonably comprehensive theoretical basis
of some of the thermodynamical aspects of phase transition
process. The experimental techniques <generally' employed
in the study of phase transitions and some of their theore
tical aspects are also specified in this section. Special
attention has been paid to the study of this phenomenon
with respect to the edectrical and photoacoustic propert
ies. In the Iknfl: part of this chapter, a concise review
of the current status and some of the applications of the
phase transition phenomena are described.

1



2

1.1 IMPORTANCE OE‘ THE STUDY OF PHASE TRANSITION

During the last two decades, research activities
in the field of phase transformations in solids have grown
enormously because of its technological importance and inte
rest from a fundamental standpoint. There is a consensus
among researchers in the field that a more basic understand
ing of phase transformations is required to explain the pro
perties of materials and to develop and select new materials.
Phase transformations are also of fundamental interest be
cause they are related to a variety of processes that lend
to changes in phase, structure and features thus often creat
ing new forms of matter with properties which usually differ
from those of their constituents. A greater understanding
of the structure and properties of these materials undergoing
phase transitions has resulted essentially from the use of
a number of sophisticated analytical techniques which give
precise information regarding the behaviour of such materials
under specific physical conditions. Thus the progress in
material science as well as in various branches of studies
on solid state has been greatly influenced by the introduct
ion of new methods, techniques, and instruments some of which
are highly advanced and sophisticated. Much of the modern
methodology of mathematics, physics and chemistry has been
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called upon to refine the investigation of matter in the
crystalline state and solid state at large» This has been
the case not only for the fundamental and scientific explora
tion of solid state, but also for the techniques used to
measure properties and evaluate performance and for specific
applications in actual use. As a result much greater variety
of their functions under normal anmi extreme conditions has
been studied anui this has led to the development of a vast
body of knowledge and especially of highly specialised methods
and techniques.

This thesis aims to present a series of experi
mental investigations of phase transition in materials, stud
ies particularly in certain ammonium containing crystals,

ViZ., (NH4)3H(SO4)2, (NH4)2HPO4, (NH4)2Cr2O7 and NH4H2PO4
using electrical and photoacoustic techniques. The electrical
studies include, measurement of dc/ac electrical conductivity
dielectric constant, thermally stimulated polarization and
depO1ariZatiOn<1Hr@u; The studies extended to doped and deut
erated specimens of the crystals have revealed the mechanisms
of phase transition and cflf the electrical charge transport
processes. The thesis also describes the results of investi
gation carried out in pure as well as doped specimens of

NaClO3 and NaNO3 using thermally stimulated polarization
and thermally stimulated depolarization current measurements
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1.2 THERMODYNAMIC ASPECTS OF PHASE TRANSITIONS

The most fully developed theories of phase trans
formations are based on thermodynamics and in particular
on statistical thermodynamics. An assembly of systems, for
instance, of molecules or atoms of various kinds, can be
physically and chemically either homogeneous or not homo
geneous. A, non—homogeneous assemb1y' can be divided into
a number of homogeneous parts called phases, each possessing
its characteristic energy, temperature and entropy. The
statistical nature of these quantities indicates that a
rigorous definition of a phase and especially of phase bound
ary, on an atomic scale is difficult if not impossible.
This will seriously limits our present understanding of the
mechanism of many phase transformations in solids. In spite
of this, thermodynamics provides a very convenient frame
work for description of these phenomena. Gibb's who was
the first tx> give a rather complete analysis of transform
ations on this basis, by considering the function.

G = U-TS +PV (1.1)
where G is known as the Gibb's function [l]. An equilibrium
between phase lgyui phase 2 an: a given temperature T, and

pressure E’ requires <31-G2 == O. Since time compressibility
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of solids its relatively small, cnna can assume dV == O and
then the equilibrium condition can be expressed as

dF = O where F = U — TS (1.2)

where F is the Helmholtz free energy. It should be kept
in mind however, that for solids, the use of F instead of
G in the equilibrium requirement is only an approximation.
An estimation of the free energy of a solid as a function
of temperature can be obtained in the following manner.
From equation (1.2)

dF = —PdV - SdT (1.3)
at constant pressure we have,

7‘

F = Fo—‘/‘S.dT-P(VT-VO) (1_4)o

On the other hand

T CFS = I ---T dT (]__5)o

and thus

0% a

-;.;
W

-L

F = FO- PWT-V0) - y dT')dT" (L5)
o

where VT and V0 are molar volumes at pressure P and PO is
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the energy at absolute zero equal to the internal energy
U0 at that temperature. Equation (1.5) gives the absolute
value of S by assuming that S = O at T = O which is the
Nernst heat postulate [2] or the third law of thermo
dynamics. For certain solids, this law appears not to be
applicable because of orientation effects, order effects,
isotopic composition etc. Such cases are metastable, which
in proximity of absolute zero have no chance to reach true
equilibrium because of vanishing mobility of atoms.

For solids, the second term in equation (1.6) is
very small. Therefore,

0+6
O

I-3

Til

F =A- (I 59-dT')dT" (1.7)
where A is a constant. This formula is useful in discussing
the influence of the lattice specific heat and of the
electronic specific heat on phase transformations, such
as a(-Y transformation in iron [3] and it permits an
understanding of the influence of alloying elements on this
transformation .[4]. It can be used also to compare the
free energy of solid phases if the specific heats are known
experimentally or theoretically. The latter possibility
is useful if Debye specific heat theory is applicable. At
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the transformation temperature we have a change in the total
energy.

AU = TAS - PAV (1.8)
which gives for the change of enthalpy.

AI-I = AU+PAV = TAS (1.9)

This relation enables one to obtain the entropy of transform
ation A5 from the experimentally known heat of transformation
at constant pressure, A31. Thus it is possible to find the
transformation temperature ‘provided we know' the enthalpies
and entropies of both phases as a function of temperature.
We have further,

5 = ,_)p (1.10)

’?
9’\i?»’

which gives,

G =H+T( )p (1_1]_)
and

AG = AH+-T(%£¥Qp (132)
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is time Gibb's Helmhgltz equation. The- derivative iJ1 the
equation (1.12) vanishes at absolute zero and thus 1§G(T)
can be calculated from measured A"H(T). Among the other
thermodynamical formulas cnf importance iknr transformations,
it is worth mentioning in particular

age M
(____.)__ I "' ';5‘f"7_ (1.13)2/’ /

and the Maxwell relations,

_?_-El _ ‘ar _ .25-'  -- fi (1.14)
__ ._  : --OCV (1.15)N 7 " B7 1/

where

_/lav.)of - V 3/ P (1.16)
is the cubic thermal expansion coefficient and

.. EVlg ' "-é‘  (1.17)
is the isothermal compressibility. These equations are only
applicable to single phases.



9

Differentiating the equation (1.15) one obtains,

._, ,. .<:"'rv ... "r(_?..€) vayf ;> (1.18)

F-$

“’\i’“v F3
\_/
\\

in which for solids (%%;>P is usually very small and thus
approximately

LID/U Qf 7"' <’f2§':) (1.19)

K’?
Q9 CU<(\
\\_/
*4

here

C%> :' '7_(%%§%)f’ : (h€};é)f’ (1.20)

is the usual specific heat at constant pressure. From relation
(1.14) one can deduce that at equilibrium between two phases
1 and 21

gg _ S1" S2 _ H1" H2
dT _ V1— V2 - T (V1-V2) (1_21)

where the quantities S, V and H refer to one mole of a single
component. This is the so called Clausius<c1apeyron nflatkm
which describes the effect of pressure on transitions.Equation
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(1.21) is very useful for explaining _transformations like
melting, change of crystal structure etc.

An important consequence of the existence of relation
ships among the various thermodynamic quantities is the so
called Gibbs phase rule.

C=F+P-2 (1-22)
in which C is the number of independent components, F is
the number of degrees of freedom, and P is the number of
phases. Degrees of freedom are independently variable para
meters such as temperature, pressure composition of phases
etc. In applying this rule to transitions in solids, contain
ing more than one species of atoms or molecules, it should
be kept in mind that if the two phases have the same chemical
composition then C is equal to unity. Such conditions occur
for instance, at a congruent melting point or at the critical
temperature of order—disorder transformations [S-9].

1.2.1 Transformations of higher order

According to Ehrenfest the order of transition can
be defined as follows: "A transition is said to be nth
order if time derivatives lower than. the rJj1 derivative
of the function G ‘are continuous at ‘the transform
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ation temperature while the nth derivative is discontinuous".
Or in other words, a transition is a phase transformation
only when it is of the first order. The applicability of
Ehrenfest's criterion turned out_ to be limited not only be
cause: of experimental difficulties in establishing whether
a certain quantity is continuous or not, but also because
of the existence of various intermediate kinds of anomalies
[10]. Figure 1.2a illustrates the various kinds of transitions
reported [ll]. The main difference between first order and
anomalous first order transition is tflun: in the latter cate
gory each phase anticipates the change with approaching trans
formation temperature or transition pressure. Instead of
simple second-order transition as one observed usually a
lambda transformation in vduhfli near the transformation point
both faces show a pronounced continuous change in the various
thermodynamic quantities. Since thermodynamics is unable
to give an atomistic quantitative picture of second order
transitions much effort has been diverted towards obtaining
a solution using purely statistical methods.

1.3 Techniques employed in the study of phase transformation

Phase transformations in solids are often accompanied
by interesting changes imm their physical properties. Hence;
measurement of such physical quantities as a function of
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Figure 1.2a. Change in physical quantitiés at various kinds of
transitions.
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an external parameters like pressure or temperature is ea
direct way of investigating these phase transitions. Several
techniques are employed to investigate phase transitions
depending on the nature of the solid and properties of inte
rest. Such studies are not only of academic value in under
standing the structural and mechanistic aspects of phase
transitions but are also of technological importance. The
availability of modern experimental methods employing highly
sophisticated electronic techniques has brought out a quite
large number of new transitions as well as transitions which
have not been observed in earlier measurements. A large
number of techniques are already reported in the literature
[l2—23]. They include diffraction, thermal, optical,spectro—
scopic, magnetic, electrical, photoacoustic and ultrasonic
measurements.

1.3.1 Diffraction techniques

X-ray diffraction can convenient1y' be used to
study the structural features of solids undergoing phase
transition. Diffraction.q;ives information ima fourier form,
which can be analysed in terms of the average spacings of
lines and planes, the symmetries of point groups, and the
location of particular species of atoms, in the different
phases of the transition process. In this respect, electron
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diffraction techniques has certain special advantages, because
of the wavelength of radiation used can be smaller than
the distances to be resolved, and hence, it can be used for
the study of super structures and small domains. Neutron
diffraction studies are most useful in studying position
of light atoms like hydrogen and in magnetic structure.
The analysis of the powder neutron diffraction profiles [24]
yields valuable structural informations.

1.3.2 Thermal measurements

Thermal measurements have been widely used to identify
thermal anui characteristic transitions. Differential thermal
analysis (DTA), differential scanning calorimetry (DSC) and
thermo gravimetric analysis (TGA) techniques provide valuable
information regarding changes in various physical parameters
associated with the phase transition. The heat capacity
measurements using DSC and DTA technique give precise data
on enthalpy changes and thermodynamic order of transition.
The information on activation energies of transformation
has also been obtained by fitting the DSC and DTA peak to
first order kinetic equations [25,26]. Thermal hysteresis
has also conveniently been studied by DTA and DSC. Being
a dynamic technique DTA suffers from certain disadvantage
compared to that of DSC. For example the heat capacity data
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and AH values obtained by DTA are not reliable, whereas
the values obtained from DSC being much more reliable than
those of DTA.

1.3.3 Optical spectroscopic and related techniques

The field of‘ phase transitions kuns experienced la
period of extremely rapid growth since development of lasers
in the early 1966's. Optical methods, particularly the light
scattering has played sum increasingly" crucial role ix: the
investigation of many types of phase transitions. The optical
microscopic analysis is a valuable tool for studying phase
transformations, particular with respect to the movement
of boundaries, growth of nuclei and changes in grain size.
Pressure transitions can also be studied by using an optical
microscope and a diamond anvil press. The dislocations and
structural aspects of solids can be conveniently studied
using the electron microscope along with a variable tempera
ture controlling facility which would undoubtedly be of great
value, in this regard. Optical spectroscopy in the infrared
visible and ultraviolet regions has- been used extensively
to study solids undergoing transitions. Laser Raman spectro
scopy has “been particularly exploited in recent years to
investigate these transitions. In addition txa neutron
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scattering, Raman spectroscopy also yield direct information
on soft modes in solids. X—ray and ultraviolet photoelectron
investigations at the phase transitions points provide valu
able information on the changes in electronic structure of
the solids. Positron annihilation is a technique in which+ I I O I Othe phenomenon of e , e recombination with consequent emission

of Y-rays is used to study phase transitions in solids.
Since purity of the material plays a crucial role in phase
transition characteristics, preparation, purification, and
characterisation of materials undoubtedly form an important
part of phase transition studies. It is therefore important
that efforts are being made to use the purest material possi
ble while studying phase transitions. In‘ this regard all
the well—known techniques for the analysis and characteri
sation of materials like mass spectroscopy, spectrography,
atomic absorption spectrophotometry and electron microscopic
analysis have to be employed.

1.3.4 Magnetic properties and resonance techniques

Magnetic measurements give direct information regard
ing electron correlations and ligand field potentials. The
Weiss molecular field approach gives the basis for under
standing the temperature variation of magnetic susceptibility
and magnetisation. Measurement of magnetic susceptibility
and magnetisation as a function of temperature along with
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techniques like neutron diffraction, inelastic neutron
scattering, and Mossbauer spectroscopy, provides information
on magnetic moments, the nature of coupling and magnetic
order in solids. NMR spectroscopy has been employed to study
phase transitions of solids containing the appropriate nuclei,

for example, V in V02 and V203 and Mn in M'nCr2O4. Phase
transitions in NaCN and NaHS have been studied by NMR spectro—

scopy. Studies of hindered rotation of CH3 or NH4 groups
and phase transitions in hydrogen bonded ferroelectric like

KHZPO4 are.cmher important applications of NMR spectroscopy.
ESR spectra of solids undergoing transitions have been re
ported in the literature. A useful application of ESR spectro—
scopy is to study a diamagnetic crystal doped with a para

magnetic ion, (eg., Mn in KNO3) in the region of the phase
transition. NQR spectroscopy has been employed to study

phase transitions of halides (eg., CsPbCl3), nitrates, and
nitrites (NaNO3 anui NaNO2). Other solids containing nuclei
like halogen, nitrogen and others (Nb in KNbO3) with quadru
pole moments have been studied in detail. Excellent treat
ments on magnetism and chemical bond [27] and detailed studies
of several magnetic transitions [28-53] on a variety of solids
are available in the literature. In addition, ferromagnetic
and antiferromagnetic resonance experiments also -provide
useful information on magnetically ordered solids.
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1.3.5 Electrical measurements

The electrical properties like electrical conducti
vity, dielectric constant and thermoelectric power, hall
effect, ionic thermocurrent measurements etc. have been used

to characterise these materials and to study the phase tran
sitions in them. The study of electrical conduction process
in materials can yield a great deal of information on the
formation and migration of_charge carriers in them. Basically
electrical conductivity in these materials is a defect control
led phenomenon and _hence, detailed investigation of the
electrical properties of these materials is one cflf the best
available methods for the study of defects in them. Usually,
these electrical properties are investigated as a function
of temperature or as ea function of pressure. Recently, the
electrical conductivity (both dc anui ac ), dielectric
constant and ionic thermocurrent measurements have become

accepted as a very sensitive method for the study of phase
transitions as well as for the study of defects in ammonium
containing crystals [54—6l]. Therefore a detailed theoreti
cal background of these techniques are necessary here and
this will be described in the latter sections.

‘_---V

l.3.6 Photoacoustic measurements

The photoacoustic (PA) technique has been recently
accepted as an important spectroscopic technique for condensed
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matter [22,23,62—67]. The basic principle for the detection
of the PA effect is measurement of acoustic signal produced
when a sample is placed in a sealed gas filled cell and
illuminated by an audio frequency chopped light. The genera
tion and propagation of acoustic waves in the sample depend
critically on the thermoelastic and physical properties of
the sample. By monitoring the PA signal amplitude and phase,
it is possible to probe or measure such properties as acoustic
velocities, elasticity, density, thickness, specific heat,
material discontinuities, crystallinity, phase transition
etc., since, the thermal properties of the sample like thermal
conductivity, specific heat etc. are drastically changed
at the point of phase transition, a correspondingi variation
in PA amplitude and phase will be detected. This is the
reason why the PA effect can be used for the study of phase
transitions [68-72]. A detailed theoretical description
will be given in Chapter VII.

1.3.7 Ultrasonic measurements

Ultrasonic measurements is an important tool for
the investigation <n5 structural phase transitions in solids.
It is possible to get information on nature of phase transi
tion by the measurement of the elastic response of this method
This elastic constant measurements are a very sensitive tool
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to locate transition points, to determine phase diagrams,
and in certain ‘special cases, to make statements about the
order of phase transition. Furthermore, from the temperature
variation of the elastic response functions the type of coupl—
ing between strain and order parameter can be deduced. Thus
the coupling parameters and the characteristic variations
of other important quantities can be derived. Also, the
elastic measurements are used to test the aspects of the
modern renormalisation theories such as the Crossover and
Dimensional effects. Ultrasonics thus offers an attractive
method for investigations in the field of phase transitions
[73—75] .

1.4 ELECTRICAL CONDUCTIVITY OF IONIC SOLIDS

The study of ionic solids, comparatively is a new
field of materials science and technology. Most of the solid
state devices developed in the last three decades are based
essentially on the motion of the electrons. In fact, the
ionic solids have received very little attention in the past,
in spite of the fact that these solids are best understood
by solid state physicists and chemists. However, in 1967
the situation suddenly changed with the discovery of fast
sodium-ion conduction in ‘B -alumina and silver ion conduction

in MAg4I5 (M = K, Rb, NH4) [76-77]. Since 1967 a large number
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of such solids have been discovered and numerous applications
have been found such as solid state batteries, fuel cells,
memory devices, display panels etc. The possibility of the
development of a high density solid state battery for vehicular
traction and low density miniaturised batteries for device
applications has kxunl the most important factor responsible
for the recent involvement of ea large number of physicists,
chemists, materials scientists and engineers. In this respect
the role played by the superconducting materials is very
important in the sense that, these materials are potentially
important from the point of view of technical applications.

The foundations upon which our understanding of
ionic conductivity are built were laid down before 1940 by
the early work of Schottky [78], Wagner [79] and Mott and
Littleton [80,81]. It was found that the transference of
mass and charge occurring in alkali halide crystal is mainly
by means of. ionic processes. Later the subject of ionic
conductivity was expounded at length by Lidiard [82—84],
Fuller [8S—9O], Barr [9l—92], Franklin [93] etc. In addition
to these, some other notable works [94—l1O] can also be found
in the literature.

1.4.1 Theory of ionic conductivity

Consider the case of ionic conductivity in NaCl
type lattice in which ions are made to move under the
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application of electric field EL The potential barrier seen
by an interstitial ion jumping from one position to another
is equivalent to the addition of a term - qEx to the potential
energy term Zig, where q is the charge on the interstitial
ion. Hence, the jump of the interstitial ion in the field
direction is taking place with an increased probability

1
\ [-(119 - iqi-115)]w = '90 exp  kT T T (1.23)

where x =-3; and a is the interionic distance, 90 is the
jump frequency, and a jump against the field takes place
with reduced probability

n _ A lqaE)uJ = 99 exp‘: ( 9131.2  ] (1.24)
The net number of ions moving per unit volume in the direction
of the field

n‘ = '71- (ui-uJ') $3 n\uqaE/kT (L25)

assuming qaE << kT. Here n is the number of interstitial
ions per unit volume. Therefore the current density _

j = na?q&uE/kT
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Hence ionic conductivity is given by
- 2 2

G_ = 2/E = .‘l%.__‘*_i. = nq/* (L26,

where the mobility is given by

V — 2 kT— a qw/ (1.21)
If the charge carrier can jump to more than one forward posi
tion (for NaCl lattice this number is 4).. 2 21.e., G“ = 4na q\y/KT (1.28)

If 'x' is the mole fraction of defect concentration then
n = Nx where N is the total number of ions per unit volume,
then 0- can be written as

q- = (4Na2q%/kT)x.UJ (1,29)

1.4.2 Pure crystal

Consider the case of Schottky defects. Let the
mole fractions of positive and negative ion vacancies be
respectively xl and x2 and their respective numbers be n+
and n_ given by
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n+ = n_ = N expkgs/kT)

xlxz = xi = exp(-gs/kT) = exp(ss/k)exp(—hS/kT)

(1.30)

where gs, ss, and hs are the Gibb's energy, entropy and
enthalpy of formation respectively for a Schottky pair, N
is the number of cation or anion sites. In the case of pure
crystals, the charge neutrality condition is written as

xl = x2 = xo (1.31)
An expression similar to equation (1.30) can be written for

the Frenkel defects, nF as

nF = (NN')% exp(-gF/kT) (1.32)

where N‘ is the number of interstitial sites and gF is the
Gibb's energy for formation of Frenkel defects.

1.4.3 Doped crystal

If an ionic crystal is doped by an aliovalent
impurity ion (e.g., Ca2+ in NaCl) additional cation vacancies
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are produced to compensate for the charge difference. Suppose,

the mole fraction cflf divalent cation impurity is can The
charge neutrality equation is

X1 = X2 + cl (1.33)
From equations (1.33) and (1.30)

*1 = 'i‘°l{[l+(2"<>/°1)2]%"'d}
(1.34)

x2 = é-c1{ll+(2xo/cl)2]€—v}

F-'

for. large dopant concentration, c >) xo

xl = c and

x2 = xi/c

For small dopant concentration (c  xo) the concentrations
reduce to the pure crystal values as expected, that is
X1 = X2: X0

It is also possible to write a similar expression
when the crystal is doped by a éfivalent anion impurity like
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CO3 , S03 etc. with a concentration c2. The charge neutra
lity condition can be written as

xl + c2 = x2.

The values of xl and x2 for this case are

xl =.£.c2{Fl+(2xo/c2)2]%—l}
(1.36)

x2 = é.c2{1l+(2x0/c2)2]%+£}

1.5 DIELECTRIC METHODS

If an electric field is created in a dielectric
material the dipole moments of separate kinetic elements
or atomic groups will tend to orient in the field direction.
If the external electric field is now removed then after
a certain time the polarization of the sample will diminish
to zero as a_ result of thermal motion of separate kinetic
elements, and the system will return to its previous equili
brium (or quasi equilibrium) state. Such a process of transi
tion to equilibrium is called dielectric relaxation. It
is characterised by the relaxation time ’C . On the other
hand if an alternating voltage is applied to the dielectrig
the dielectric properties of the material will obviously
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depend cnm the relation between the frequency of the applied
voltage U3 and the dielectric relaxation time'( .

The dielectric properties of the specimen can be
characterised by the complex dielectric constant (relative
permittivity)

5 1 _ u8- = e "' *8 (1.37)
I

where E — the real component of complex dielectric constant,
u

and E,- the imaginary component of complex dielectric con
stant (also called the dielectric loss factor).

The ratio

n

% = tancf (1.38)
is the dielectric loss tangent. It characterises the phase
shift between the alternating voltage applied to the capacitor
between whose plates the sample is placed and the current
passing through the capacitor.

If the dielectric relaxation can be described by
a single relaxation time then,

~ 2 - 2=:E *_ j O goQA .E ,c Hwz T2 (1 39)
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E
o)

5“ :(e.- E...)}+LU2€2_ (1.40)
where .80 dielectric constant at Q1 = O.

8°C dielectric constant at <-0=°° and

_ T Eo"6%Q>
‘Cami’ __ 4; ( 2/C1 A (1.41)0+»:

If 80 the static dielectric constant, gr the relative permi
ttivity ¢0 the angular frequency and tand’ the loss tangent

then, the a—éc can be given by the equation

Fae = ‘5é_g'rwcano’ (1.42)
1.6 IONIC THERMOCURRENT MEASUREMENTS

The ionic thermocurrent technique is a general
method of investigating the electrical properties of high
resistivity "solids via the study of thermal relaxation
effects. This method offers an attractive alternative to
the conventional bridge methods or current-voltage—temperature
measurements. The mathematics behind this is similar to
that found in other nonisothermal techniques such as thermo
luminescence, thermally stimulated electronic emission
differential scanning calorimetry or thermo'gravimetric
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analysis. The first theoretical basis of the thermally sti
mulated depolarization current (TSDC) phenomenon was suggested

by Bucci and Fieschi based on their work on point defect
dipoles ill ionic crystals [lll] and, ii: still took several
years before TSDC was recognised as a method for studying
all the fundamental mechanisms of charge storage and release
in nonmetallic solids.

Denoted as ionic thermocurrent or ionic thermo
conductivity by Bucci and Fieschi, the TSDC procedure there
after received a number of confusing names due to the fact
that it was reinitiated and developed by several investi
gators using quite different starting points and who, most
of the time were not aware of preceding work in the field.
The complimentary names used for this phenomenon are:

l. Electret Thermal Analysis (ETA)

2. Thermally Stimulated Discharge (TSD)

3. Thermal Current Spectra (TCS)

4. Thermally Activated Depolarization (TAD)

In the following text we will make use of the term
thermally stimulated depolarization current (TSDC) or ionic
thermocurrent (ITC) which seems to be the most: appropriate
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and descriptive name to be given to this process by consider
ing the actual phenomena observed.

1.6.1 The Bucci—Fieschi theory or theory of TSDC

The time and temperature dependence of the dipolar
polarization is determined by the competition between the
orienting action of the field and the randomising action
of thermal motions. The build-up of polarization at a con
stant temperature T can be described by the equation

P(t) = Po[1-exp(-t/T )1 (1.43)

with respect to time. In equation (1.43), Po is the maximum_ ‘D
amount of polarization possible at temperature Tp and this
for all but the lowest temperatures and very high fields
has been shown by Langevin [121] to be

2.N Ep = _QlE_lfl (l_44)O 3kE?

where ND is the concentration of defect dipoles, Ep is the
polarizing field, Id. is the dipolemoment and is independent
of temperature. The term 'F in equation (1.43) is the time
taken to polarize the dipoles at temperature T. ‘Equation
(1.43) describes the build in; of polarization from P(O) = O
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to P(0C) = PO. If the field is removed at t = °C I then the
polarization will decay according to

P(t) = PO exp(—t/ TR) (1.45)

where TR is the relaxation time for the dipoles at tempera
ture 'I'. In a crystalline solid association of an impurity
ion with a vacancy can form such dipole which undergo re
orientation. By making use of the assumption that time taken
to polarize the impurity-vacancy (I-V) dipoles at a given
temperature is the same as the time taken for those dipoles
to depolarize at the same temperaturet
We may represent the temperature variation of T by the
Arrhenius type equation,

T(T) = To QXP (E/kT) (]__46)

where To is the characteristic frequency factor for a vacancy
jump from one lattice site to another for reorientation of

I

the impurity-vacancy (I—V) dipole and is independent of
temperature.E is the activation energy. We can rewrite
equation (1.45) to be

t
P(t) = Po[exp(— fat/q: )1

0

1__ -E
= PO[e>=p< J ~¢>¢/>( /-5,-) am (1.47)

to
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The current density arising from this depolarization is

- ,. _ __ a/’(1;)3&0) ' '5-E,’ (1.48)
To perform this differentiation we make use of the fact that
in our experiment, the temperature is to be raised at a
constant rate, according to the equation T = To +_3 T giving
g = -??: . Changing the variable from t to T in order to

find the measured thermally stimulated depolarization current

density jD(T) we get
T

‘ - P E- '1 exp(:-En) <-1'13}6.10) = "ff exp "€_fi + EFE,-lo kT (1.49)

Finally using equation (1.44) we may writeL T- ¢~ I ..
6&0) =" exp_{§_+__'f eXp(-fig-;)dT’} (1.50)

To

Equation (1.50) ban be seenzto be equivalent to the Randall
and Wilkins glow curve equation [122] for the case of mono
molecular recombination.

Using Garlick and Gibson's [123] approximation
which is based on the assumption that the integral term in
equation (1.50) is negligible over the initial part of the
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curve, we may write equation (1.50) in the form

3'D(T) = Constant exp (—E/kT) (1.51)

So a plot of log J.-D(T) against T_l for the initial part
of the TSDC curve will give a straight line of slope -E/k.
It can be seen that the value of E obtained b.y this method

is independent of the polarizing field Ep.

The maximum of equation (1.50) is given by

7
aa'D()=OatT=TM

Using this equation, we get
I//< 7; 2:(7~)BE "

exp(E/kTM) = ‘2i?E;— or TM = > k a (1,52)

Thus knowing TM we can find ’(:(TM). This value along with
E gives a value for Z5 from equation (1.46).

1.7 THEORY OF THBRMALLY STIMULATED POLARIZATION CURRENT

(TSPC)

In a TSPC experiment the increase in polarization
is monitored during a linear rise in temperature in the
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presence of an applied field. Thus we may write,
t

P(t) = 12,0 [l—exp -I 95%) 1 (1.53)
O

where P is the saturation polarization described tnr
Langevin's function. By' neglecting the 171 dependence
of P compared with exp(—E/kT) and of (T), we can arrive
at the equation for the current density (TSPC) namely,7 I

- ,_ _ __- 5 J/I ",5. d7}6 (1) - fie 2;/0 {-1- ”‘3¢0 '5"/D ,¢7’ (1.54)P /<’ 7..’,.-—-'5

TB

i.e., the same equation as (1.50) but of opposite sign.

In principle, both TSPC and TSDC techniques offer
an important key to the comprehension of the fundamental
mechanism of charge storage and release in dielectrics and
semiconductors and is also considered as a very sensitive
probe of kinetic transition and molecular relaxation process
in polar materials. It has several basic advantages,compared
with more conventional step response or loss measurements.
It is inherently more sensitive, allowing us to detect dipole
concentrations of less than 0.1 ppm [124] or carrier con
centrations of about 108 to 109 cm-3 [125] and it is chara
cterised by high resolving power, so as to resolve relaxation
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process arising from set cflf dipoles with only slightly
different energies [l24].

1.8 APPLICATIONS OF PHASE TRANSITION

A large number of applications are already reported

in the literature in which the phenomenon of phase transi
tions have been applied. According to Goodenough [l26]i,
applications of phase transitions may be classified into
four groups:

(l) The formation and/or motion of mobile boundaries
between two or more phase§existing below a critical tempera
ture T .c

(2) Changes in physical properties as the temperature
approaches TC.

(3) Changes in properties at Tc and

(4) Metastable phase obtained by control of the kinetics
of nucleation or diffusion required for the transformation
of stable phases.

The properties related to the orientational order
of molecules in the temperature range between TC and melting
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point have been widely used in type II superconductors. The
superconductors are used for <getting high magnetic fields
at low temperatures. The properties exhibited by certain
liquid crystals are widely used for optical display, detect
ion of "temperature 'uniformity' and impurities. Certain
crystals can act as thermal switches during a phase transi
tion. Metal-insulator transition exhibited by certain oxides
are"of considerable interest from a technical standpoint.
With the discovery of the high temperature superconductivity
in ceramic materials, the phenomenon of phase transition
have become an extremely important subject.

Two important properties which change near TC are
softening of an optical mode before a displacive transition,
and temperature dependence of spontaneous magnetisation in

ferromagnets below TC. These properties are used in. di
electric and pyromagnetic detectors. The applications of
soft mode anomalies have been discussed by Fleury [l27].

The properties exhibited at the first order phase
transition can be used for switching semiconductor—metal
transitionsJfififi fllfld be employed in circuit breakers voltage
dividers or optical switches.
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Ferroelectrics undergoing transitions are being
widely used in practical applications. They are extensively
used in Iuhfli and ultra Ydgfli capacitance capacitors, dynamic
elements of memory and logical elements of electronic com
puters, electromechanical converters, capacitance analogues
of thermistors and special thermistors with a positive tempe
rature coefficient, high voltage, accumulators, electrets,
radiation modulators and regulators of the quality of optical
quantum generators, IR detectors, ferroelectric energy con
vertors, frequency multipliers etc. IFerroelectrics are also
used in pulse generation circuits, devices for controlling
luminescence of electroluminophores, voltage and current
stabilizers etc. Recently substance with both ferroelectric
and ferro or antiferro magnetic properties has been discovered
so that we can expect a further widening of the field of
application of ferroelectrics.
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Chapter II

EXPERIMENTAL TECHNIQUES AND METHODS OF MEASUREMENTS

Abstract

The experimental techniques employed and methods
of measurements used for carrying out the research work des
cribed in this thesis have been presented. The methods used
to grow single crystals, the design and fabrication of a thin
film vacuum coating unit, a metallic cell for low and high
temperature electrical measurements, a.Ihm4 temperature photo
acoustic cell for pmase transition studies are also described
in the present chapter.
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2.1 INTRODUCTION

The experimental investigations presented in this
thesis have been the result of an extensive and elaborate study
on certain single crystals with the use of a number of sophisti
cated instruments and of ea few experimental systems fabricated
in the laboratory. A brief description of the various experi
mental techniques employed as well as the description of the
experimental systems fabricated have been presented belowu These
experimental systems fabricated include:

(l) A high vacuum thin films coating unit for depositing
metallic electrodes on to crystal surfaces, for the electrical
measurements.

(2) A metallic cell which can be used for temperature
variation studies of electrical properties from £MH< to 1450K
under the vacuum conditions.

(3) A photoacoustic cell for phase transition studies
in the temperature range 80K to 350K.

In addition, a brief description of the experimental
procedures necessary for the study of the electrical and photo
acoustic properties tunue also been given. Any variation from
the experimental procedure required in the context of specific
problem has been indicated at the appropriate places.



52

2.2 METHODS USED FOR CRYSTAL GROWTH

Although crystal growth has been a subject of absorb
ing interest for very many years, much of the recent development
in both the understanding and the technology has been stimulated
by increasing commercial importance of the subject. The specta
cular growth of solid state electronics, so critically depends
on the growth and perfection of single crystals..A host of techni
ques have been presently employed to grow single crystals. They
include growth from solution, growth from melt, growth from
vapour, flux growth, epitaxial growth, and high pressure growth
etc. In this thesis most of the specimens used for the electri
cal and photoacoustic studies were grown from solution or from
melt.

2.2.1 Growth from solution

Single crystal specimens used for the electrical and
photoacoustic measurements were grown from solution by slow
evaporation an: constant temperature. A saturated solution of
the material in an appropriate solvent is used for this process.
When the solution becomes super saturated the crystal will start
to grow in solution. Materials which melt incongruently,
decompose before melting or undergo a phase transformation bet
ween melting point and room temperature were grown using this
technique. Depending on the nature of the solvent used,solution
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growth technique has been classified into aqueous solution,
molten salt (flux), metallic solution and hydrothermal growth.
IU1 the present studies only the aqueous solution technique has
been used. For this we have used a constant temperature water
bath having a stability of i0.0l°C in the "temperature- range

30-50°C. Fairly large single crystals of (NH4)3H(SO4)2,
(NH ) HPO , NH H PO , (NH ) Cr O , NaClO anui NaNO were grown4 2 4 4 2 4 4 2 2 7 3 3
using this technique.

Doped specimens were grown from solution by adding
appropriate amount of dopants into the pure solution. For

example, S02 doped specimen of diammonium hydrogen phosphate
were grown from solution by adding specific amount of (NH4)2SO4
into the solution containing the pure diammonium hydrogen phos
phate material.

From the preparation of deuterated specimen, the
process of repeated recrystallisation has been used. In "the
present investigation. the deuterated specimens of triammonium
hydrogen disulphate were grown from a saturated solution obtained
using heavy water of isotopic purity 3 99.8%. The presence
of deuterium in the specimens used for the investigation of
electrical properties has been verified by taking the infrared
spectrum of these samples using an IR spectrometer (IRZO).
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2.2.2 Growth from melt

This method is suitable for" materials that ck) not
decompose before melting. Growth from melt is by far the fast
est of the growth methods, as its rate does not depend on the
mass transport process. The most common melt growth methods
are

1. Bridgman,

2. Czochralski, and

3. Zone melting.

Out of these methods, we have used only the Bridgman technique

to grow single crystals of pure and doped NaClO3 and NaNO3.
Bridgman technique [1] is commonly used for growing single
crystals for which volume change associated with solidification
is not large. In this technique, the crystal is grown through
self-seeding zhm contrast vfilfia the Czochralski's technique [2]
where an external seed of suitable orientation is used for the
starting of the growth process. In a basic Bridgman arrangement,
the tappered ampule is lowered through the natural temperature
gradient of a single zone furnace. The lowering rate of the
ampule is controlled by a reduction gear assembly which is
driven by a D.C. motor. (A photograph of the Bridgman furnace
and the reduction gear assembly is shown in figure 2.2a). By
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controlling the speed of rotation of tflua D.C.motor iflua rate
of lowering can be adjusted. Using this system it is possible
to get lowering rates ranging from 4 to 20 mm/h for the growth
of single crystals.

2.3 PREPARATION OF SAMPLES FOR ELECTRICAL MEASUREMENTS

The starting material used for the preparation of
pure single crystals were obtained after five times recrystal
lization of the analar grade material using triply distilled
water. Large single crystals grown from solution or melt with
good transparent nature were selected for the electrical and
photoacoustic investigations. Samples of typical sizes 5x5xl mm3
were obtained by cutting slices from large single crystals and
polishing with zero grade emery and ground glass. The polished
faces of the specimens coated with silver conducting paint or
vacuum evaporated electrodes ‘were ‘used for' the electrical
measurements. It. is found 'that ‘vacuum evaporated electrodes
could give better electrical contacts, compared to that of silver
paint. Hence, a vacuum system is designed and fabricated in
the labora.tory for this purpose. A brief description of this
vacuum system for depositing metallic films on to crystal sur
faces is presented.
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2.4- VACUUM SYSTEM FOR THE DEPOSITION OF THIN FILM ELECTRODES

The metal electrodes for the electrical contact bet
ween the specimen and the electrodes were deposited by the vacuum
evaporation technique. The vacuum system consists of a 4 inch
oil diffusion pump (without _th'e liquid nitrogen trap) and aO, ,. 00.._ _

baffle valve connected ii?"series to a chrome plated circular
base plate of diameter 14 inch suspended on a lmxO.5mxlm MS
frame. A 200 l/m rotatary vacuum pump was used as the backing
pump. Figure 2.4a shows schematic diagram of the vacuum system
for the electrode deposition. The base plate used was provided
with 12 side feed—throughs for various electrical connections.
A 12 inch glass bell jar placed over this base plate provided
the vacuum chamber. Within this vacuum the filament holders
and crystal holders, are mounted. The high current feed—throughs
for the resistive heating were designed and constructed in the
laboratory. Pressure down to 10-3 torr was measured with a
pirani gauge and the pressure below this range can be monitored
using a Penning gauge. A 200A step down transformer is used
for the resistive heating of the vapour source for the deposit
ing films. The various controls, and high current meters and
the indicators were fitted on the front panel. A photograph
of the vacuum evaporation unit fabricated for metallic coatings
is shown in figure 2.4b.

2.5 METALLIC CELL FOR ELECTRICAL MEASUREMENTS

A schematic diagram of the variable temperature cell
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Figure 2.4a. Schematic diagram of the vacuum
system for electrode deposition.
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used for the study of electrical properties of solids is shown
in figure 2.5a. .A unique feature of this design is that this
cell can be ‘used for temperature ‘variation studies from £MM<
to 450K without disrupting the vacuum. Another advantage of
this design is that, this cell can be used for measuring the
electrical conductivity, dielectric constant, and thermally
stimulated polarization anui thermally stimulated depolarization
measurements without affecting the vacuum conditions. Depending
on the nature of information wanted and material used, different

types of cell designs have been already reported in the litera
ture [3—9]. ' The cell consists of an MS cylinder whose_ends
are permanently fixed with MS flanges. These flanges were-pro
vided with O—ring grooves for. vacuum sealings. This chamber
is sealed by top and bottom covers using neoprene O—rings. The
top cover. carries insulated leads for various measurements.Four
window ports are provided to the chamber for the following uses:
(1) For coupling with the rotary pump for evacuating the chamber,
(2) To see whether the specimen undergo any change with tempera

ture, (3) To perform optical excitation, for TSC studies if
required, and (4) To study reflection and transmission chara
cteristics of the specimen if necessary.

The sample holder -consist of a copper cylinder one side

of which is made in‘ the form of a rectangular block as shown
in figure 2.5a. The other end of the cylinder is bored to a
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depth such that the rectangular block is about 4 mm below the
end of the bore. The outer portion of the drilled end is shaped
in -a suitable way to accommodate the heater windings as shown
in figure 2.5a. The rectangular block is provided with teflon
insulated copper electrode of certain diameter at its centre.
Another movable copper block of the same dimension fixed with
teflon insulated copper electrode of a smaller diameter serves
the purpose of the second electrode. The second rectangular
block is fiX'e<3 through spring loaded screws such that the
centres of the two electrodes are in a common axis. Screws
are provided to the permanently fixed block to hold the thermo
couples for the temperature measurements. The tip of the thermo
couples are placed in thermal contact with larger electrode

I

and they are electrically insulated using a thin mica sheet.
The top end of the copper cylinder is silver brazed to a thin
walled SS tube of the same diameter as that of the drilled
cavity. This SS tube is permanently fixed to an MS flange form
irng the cold finger of the cell. This cold finger is inserted
through top plate and is fixed on to this plate using O—ring
and Allen screws. The length of the SS tube is adjusted such
that the geometrical centre of the copper electrodes are in
a line with the axis of the windows. The electrical connections
for thermocouples and heater are made through teflon insulations
fixed on the top plate of the chamber. Two BNC connectors are
provided for electrical connections to the specimen.
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The major advantages of this cell with the above design
are the following:

1. The cell can be used in the temperature range 80K to 450K
without disturbing the vacuum conditions.

2. The cell can be used for in situ measurements of quenched
samples.

3. The cell can be used for electrical measurements at very
low pressure upto l 3 torr.

4. The liquid nitrogen consumption is found tn: be extremely
low for a single cycle of operation.

5. The electrical properties like electrical conductivity, di
electric constant anufl thermally stimulated polarization and
depolarization current measurements have been carried out
using the same cell.

6. Major advantages of this cell design are its simplicity of
construction and the favourite thermal characteristics.

2.6 METHODS OF MEASUREMENT

As mentioned in the previous chapter, ea number' of
techniques can be employed for the study of phase transitions
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in solids. Among these, the techniques employed to study the
electrical properties at or near phase transition are very
important in the sense that these techniques are usé‘d: t'o chara
cterise materials which in turn can be used for technological
applications. In this context electrical properties like elec
trical conductivity, dielectric constant, thermally stimulated
polarization and thermally stimulated depolarization currents
will give extremely useful information in these materials for
specific applications. A brief description of the techniques
and the procedures for measuring these properties have been
presented in the following discussion.

2.6.1 DC electrical conductivity

Generally in crystals containing ammonium groups,
the magnitude of the conductivity is comparatively low at normal
temperatures. At still lower temperatures, the magnitudes are
expected to be much lower and hence low current measuring instru
ments have to be used for conductivity measurements. We have
used electrometers (Keithley model 642 and 617) for measuring
currents through the crystal. These instruments can be used
for detecting currents as low as 10-15 A.

The dc conductivity measurements were carried out
in a cell described previously. The specimen is inserted in
between the spring loaded electrodes. A dc potential of the
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order of ]1%JlXN/ is applied across the specimen from dry bat
teries or from a highly stabilised power supply. (A highly sta
bilised dc Power output ranging -100 to +l00V in steps of
50 mv is available from Keithley 617 electrometer). The current
through the crystal is monitored using an electrometer.By making
use of the magnitude of the current, area, thickness of the
specimen, and the biasing voltage, conductivity can be evaluated.
A schematic diagram of the nmasurement of electrical conducti
vity is shown in figure 2.6a.

2.6.2 AC electrical conductivity

A schematic diagram of the measurement of ac electri
cal conductivity is shown in figure 2.6b. Alternating potential
of 10-25 \hnms is applied across the specimen through a series
resistance at a suitable frequency' using an audio frequency
oscillator and the voltage developed across the series resist
ance is measured using an an: microvoltmeter with a high input
impedance. By knowing the magnitude of the series resistance
and the voltage developed across the resistance, the current
through the specimen is determined which can be used for the
evaluation of ac electrical conductivity provided the area
and the thickness of the specimen are known.
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Figure 2.6a. Schematic diagram of the measure
ment of dc electrical conductivity
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Figure 2.6b. Schematic diagram of the measure
ment of ac electrical conductivity
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2.6.3 Dielectric measurements

The dielectric constant of all the crystals studied
here have been obtained by measuring the capacitance of a para
llel plate condenser with the crystal sample as the dielectric.
The main disadvantage of this technique is that it is very diffi
cult to isolate the capacitance due to the dielectric alone
from the measured capacitance as the total capacitance contains
a component of lead and fringe capacitances. The conventional
method generally employed to gyn: the actual capacitance is to
reset the capacitor assembly after removing the crystal to an
air gap equal to the thickness of the crystal using a precision
micrometer arrangement [10]. In the present investigation we
have used the method suggested by Ramasastry and Syamasundara
Rao [ll] for accounting the effect of lead and fringe capaci
tances. The method relies upon measuring the total capacitance
of a number of samples with varying A/d values (A being area
and d, the thickness) and plotting a graph with A/d along x-axis
and the ‘measured capacitance along ‘y-axis. A straight line
will be obtained, and the intercept of this line will give the
lead and fringe capacitances.

In the capacitance measurement we have used a direct
reading LC meter (Vasavi Electronics VLCl) and a Digital LCR
meter (Vasavi Electronics VLCR7). These instruments have the
following advantages in the measurement of crystal capacitance.
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l. The capacitance can kn; directly read from the meter without
making repeated adjustments as in the case of a bridge. This
enables one to take accurate readings even in the vicinity
of the transition points of the crystals.

2. The conductivity of the test sample does not significantly
interfere with the measurement of capacitance.

3. These instruments have maximum sensitivities of 0.05 pF for
VLCl and O.l pF for VLCR7 in the sensitive ranges.

The readings given by these instruments were counter
checked ‘with a ‘Hewlett Packard (Model 4277A) LCZ meter‘ and

it is found that they are highly reliable.

2.6.4 Thermally stimulated polarization and depolarization
measurements

For the measurement of TSPC [12,13] the sample is

initially cooled from room-temperature (TRT) to a low tempera
ture (TO) at which the relaxation time of I—V species is of
the order of several hours and these species will be practically
frozen in at random directions. Then the sample is subjected

to a d.c. electric field (Ep) and with this field, the current
through the specimen was monitored as a function of temperature

by heating the specimen with a linear heating rate (‘?, ), and
the resulting current is recorded.
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0n the other hand the procedure for the measurement
of TSDC [13,14] consists of ‘applying an electric field an: a

suitable temperature Tp for a finite time (tp) at which the
relaxation time is sufficient to polarize the I—V species at
saturation. At this point, the specimen is cooled down to such

a low temperature (To) that the relaxation time ('T ) is very
large. At T = To the electric field is turned off and the short
circuited current through the specimen was measured as ~a fun
ction of temperature b.y heating it at a linear heating rate
(g-). A schematic diagram of the comparison of TSPC and TSDC
and the variation of various parameters like temperature, field

‘\

and current as a function of time is shown in figure 2.6c.

A block diagram of the experimental set up used for
the measurement of thermally stimulated -polarization and ther
mally stimulated depolarization currents is shown in figure
2.6d.

The experimental set up used for the TSPC and TSDC
measurements consists of a metallic cell (described previously)
a low current measuring instrument (Keithley 642, 617), a home

u

made temperature rate controller, a highly stabilised d.c. power
supply and an X—Y recorder (Digital Electronics Series 2000).
A photograph of the experimental set up used for the measure
ment of electrical properties has been shown in figure 2-69'
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2-7 Photoacoustic measurements

.A block diagram cnf the experimental set Lg: used for
the photoacoustic studies cnf phase transitions zhi solids have
been shown in figure 2.7a. The experimental set up has four
parts.

l. A variable temperature photoacoustic cell with
a sensitive microphone.

2. A light source.

3. A mechanical chopper for modulating the intensity
of the light source.

4. A lock-in amplifier and an X-Y recorder for the
detection and recording of the photoacoustic signal.

For the photoacoustic measurements, light from a
2 mW He-Ne laser (Spectra Physics) is focused on an electro
mechanical chopper (HMS light beam chopper model 230) and is
then to ea specially designed variable temperature photoacoustic
cell (A detailed description of the cell will be given in
Chapter VII) provided with a microphone (Knowles Model BT 1753).

The Clwpped laser light falls on the specimen kept inside the
cell. Then the amplitude and phase of the photoacoustic signal
from the specimen are detected using a lock-in amplifier (EG & G
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Figure 2.7a. Block diagram of the experimental set up used for the
photoacoustic studies of phase transition
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PAR model 5204) and recorded (only amplitude) in an X-Y plotter
I\ photograph cfif the experimental set Ln) is shown ix: figure
2.7b.
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Chapter III

DC ELECTRICAL CONDUCTIVITY,DIELECTRIC CONSTANT

AND PHASE TRANSITIONS IN PURE AND

DEUTERATED (NH4)3H(SO4)2

Abstract

The results of dc electrical conductivity and dielectric
constant measurements carried out in pure and deuterated single
crystal specimens of triammonium hydrogen disulphate in the
temperature range 30 to 180°C are presented in this chapter.
The log <T ‘vs 103/T plot shows /A —shaped conductivity anomaly

for pure sample at 140 and at l45.5°C for deuterated specimens.
The dielectric constant data shows anomalous variations at 140
and '145°C respectively for pure and deuterated specimens. The
mechanism of phase transition and of electrical conduction pro
cess in the two phases of this crystal are discussed in detail.

75
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3 - 1 INTRODUCTION

At room temperature triammonium hydrogen disulphate

(TAHDS) possesses monoclinic structure belonging to space group
A2/a with 4 molecules per unit cell having dimensions
5 = 10.15311; b = 5.85413; c = 15.140 Z; and ,8 = 1o1.7e° [1,2].
It has been reported that this material undergoes as many as
five phase transitions accompanied with small dielectric ano
malies at temperatures 140, -8, -132, -140 and -210°C [3,4].
The phases above liquid nitrogen temperature are found to be
non—ferroelectric while that occurring below -210°C is a ferro
electric one [3]. Earlier, the detailed dielectric and differ
ential thermal analysis of this material have been performed
by Gesi [2] who observed three phase transitions at -8, -132
and -140°C respectively. He also noticed that the dielectric
constant of TAHDS along the c*-axis (i.e., perpendicular to the
c-axis) shows breaks at -8 and -132°C while it shows a disconti
nuous change accompanied by a thermal hysteresis at 140°C. In
addition to the above phase transitions this material also shows
a broad peak for dielectric constant around -28°C [2]. Later,
Gesi [5,6] found that this broad peak becomes more prominent,
and this splits into two peaks as the pressure is increased
beyond 4.9 bars. This pressure induced ferroelectric phase
is considered to be the 6th phase of TAHDS. The recently re
ported dc electrical conductivity measurements in pure and doped
TAHDS single crystals along c*-axis under vacuum conditions
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(lO_3 Torr) showed a conductivity anomaly at —26°C indicating
the occurrence of a phase transition at this temperature. Osaka
et al. [7] investigated the dielectric properties of deuterated

samples of TAHDS, viz., .(ND4)3D(SO4)2 at l atmospheric pressure
in the temperature range between —l70°C and 25°C and found that
this material has two ferroelectric phases above liquid nitrogen
temperature and shows a dielectric behaviour similar to that
observed for normal TAHDS crystal under high pressure. This
indicates a large isotopic effect on the ferroelectric activity
of this remarkable crystal. However, further clarification of
this effect of deuteration has been done by the same authors
by investigating the dielectric prbperties of the deuterated
analogue as a function of deuterium concentration [8], and it
is concluded that the isotope effect on ferroelectric activity
is very large and to some extent it is similar to the hydrostatic
pressure effect on the ferroelectric property observed in the
undeuterated crystal- It is found indirectly from the phase
diagram of this system that, the normal crystal i.e.,
(NH4)3H(SO4)2 itself undergoes a ferroelectric phase transition“
at —2lO°C. In addition to the above mentioned investigations
there exists DTA and coulometric studies [10] as well as infrared
and Raman [ll] and EPR studies [12] in this material. Eventhough
Osaka et al. studied in detail the isotopic effect and dielectric
properties as a function of temperature from liquid nitrogen
to room temperature, no attempt has hitherto been made to study
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the electrical properties particularly' dielectric measurements
of pure and deuterated TAHDS above room temperature. The present

chapter describes the results obtained from dc electrical condu
ctivity and dielectric constant measurements carried out in
single crystals of pure and deuterated specimens of triammonium
hydrogen disulphate in the temperature range from 30 to 180°C.

3.2 BIIPERIZIEHTAL DETAILS

Single crystals of triammonium hydrogen disulphate
were grown by slow evaporation of an aqueous solution containing

40 wt % (NH4)2SO4 and 24 wt % H2804 at 30°C. The as grown
crystals were of pseudohexagonal plates with predominant (O01)
faces. The specimens used for the measurement of dc electrical
conductivity and dielectric constant were cut from large single
crystals obtained after five recrystallisations using triply
distilled water. Deuterated triammonium wydrogen disulphate
(DTAHDS) specimens were prepared by repeated recrystallisation
of TAHDS using heavy water of isotopic purity 99.8%. The con
centration of deuterium in the deuterated specimens were verified
by taking infrared spectrum of the samples after successive
recrystallisations. It was observed that concentration of
deuterium increases with recrystallisation process from heavy
water solution and after five recrystallisations about 92%
deuteration was acquired. Samples of typical sizes 5x5xl mm3
with their broad faces perpendicular to the (O01) direction
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coated with silver paint were used for the conductivity and
dielectric constant measurements. The conductivity measure
ments were carried out by applying a steady voltage of l0—20V
across the specimen and the resulting current was measured
using electrometer (Keithley, model 617). Details of the
sample holder, the chamber used for the temperature varia
tion studies, the measurement of temperature etc. have been
already described in chapter II. The dielectric measurements
were carried out using direct reading LC meter, which has
a resolution of 0.01 pf in the required ranges. The effect
of lead and fringe capacitances were eliminated from the
measurements using standard method [13]. To avoid surface
conduction effects, the samples were annealed at 100°C for
3 hours in vacuum (l0_3 Torr) before each measurement and
all the measurements were carried out under the same vacuum
conditions.

3.3 EXPERIMENTAL RESULTS

3.3.1 dc electrical conductivity

The temperature dependence of the dc electrical condu

ctivity of single crystals of pure triammonium hydrogen disulphate is

shown in figure 3.3a. Curves A and B in figure 3.3a show
the variation of log 6‘ with reciprocal of temperature for
pure TAHDS single crystal along c*—axis in the heating and

_ Q .1.; i ll J1 — ts i wt“ ati §cooling runs respectively- In both the heating ___ __---“, --i
TAI-IDS show two straight line regions characteristic of ionic
crystals [14] with a well defined /\-shaped conductivity
anomaly at 140°C and this evidently corresponds to a distinct
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Figure 3.3a. Temperature dependence of dc electrical conductivity measure
ments of pure TAHDS single crystals (A) heating, (B) cooling
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phase transition occurring in this material. The corresponding
two phases above and below the transition point can be denoted
as I and II in the decreasing order of temperature. The transi
tion at 140°C is found to be accompanied by a small thermal
hysteresis» of 2°C during heating and cooling_ cycles. The
log 5" vs 103/T plot for deuterated triammonium hydrogen di
sulphate (figure 3.3b) shows two distinct straight line regions
but with /\ -shaped anomaly occurring at l45.5°C. Curves
denoted by A and B in figure 3.3b show the variation of condu
ctivity "with temperature in tine heating and cooling cycles
respectively. Figure 3.3c shows the log G“ vs 103/T plot
for pure and deuterated triammonium hydrogen disulphate» in
the heating run. Clearly, the electrical conductivity in
the deuterated specimen is lower by about one order of magni
tude compared to that in pure TAHDS. The straight line regions
for the pure and deuterated specimens can be represented by
the following equations:

6? TAHDS = 9.97xlO8 exp (-lééég) ohm—lcm_l (3.1)

e-ficrenns = l.O7xlO2 exp (-8101/T) ,, (3.2)

e3 DTAHDS = 7.3xlO9 exp (—17507/T) ,, (3.3)

<.-i DTAHDS = 2.O6xlO2 exp (-9043/T) II (3.4)
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These equations yield activation energy' values cnf 1.43 and
0.71 eV for TAHDS and l.5l and 0.78 eV for DTAHDS respectively.

3.3.2 Dielectric measurements

The variation of dielectric constant EC as ea fun
ction of temperature for pure and deuterated triammonium hydro
gen disulphate measured at ea frequency of ].kHZ is shown in
figure 3.3d. Conductivity changes ‘have run: been found to
interfere with dielectric measurements in any way at higher
temperatures in this specimen. It is observed that as the
temperature increases; the dielectric constant of TAHDS rises
sharply at 140°C to a value of 1295 from its room temperature
value of 22 zuui levels off beyond this temperature. On the
cooling cycle the above change reverses with a thermal hystere
sis of 8.5°C. In the case of deuterated TAHDS, the dielectric
constant starts increasing abruptly at 145°C to a maximum
value of 790 from its room temperature value of 25. The ther
mal hysteresis observed in this case is found to be 6°C.

3.4 DISCUSSION

Recent investigations carried out in a number of
ammonium containing crystals viz., (NH4)2SO4, LiNH4SO4,
NH4H2PO4 [l5—l9] show that -electrical conductivity and di—
electric constant measurements are very sensitive methods
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for the detection of phase transitions in ferroelectrics con
taining NHE groups. Ihi these materials the conductivity and
dielectric constant have been found to show abrupt and ano
malous variations with temperature en: the transition points.
Here the anomalous variations observed in pure and deuterated
triammonium hydrogen disulphate from the two independent
measurements of electrical conductivity and dielectric constant
conclusively show that the pure material undergoes a phase
transition at 140°C while the deuterated analogue has its
transition temperature shifted to l45.5°C. Further, the thermal
hysteresis observed in the dielectric and conductivity measure
ments of both pure and deuterated TAHDS confirm that this
transition is a first order one as revealed by the earlier
DTA results [10]. There exists complete agreement between
the results obtained from conductivity and dielectric constant
measurements in DTAHDS as far as the transition temperatures
are concerned. The upward shift of the transition temperature
by 5.5°C from conductivity measurements (5°C in the case of
dielectric measurements) evidently shows the role played by

the NH; groups in the mechanism of phase transition which
may become fully disordered orientationally above the transi
tion point.

In order txa explain the electrical conduction mecha
nisms in the pure and deuterated TAHDS it is necessary to
consider the electrical conduction mechanism generally operating
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in NHL; containing crystals. A number of mechanisms were
suggested by various authors for the electrical conduction
process in ionic crystals containing ammonium groups [l4,l7—23]
Usually in ionic crystals containing ammonium groups, the
possible types of point defects are normal ionic and electronic
defects and protonic defects. Of these electronic defects,
electrons and holes are very small in number and hence, the
contribution.tx> the conductivity knr these electronic defects

can be neglected. Due to the finite sizes of NHX and HSOZ
ions in TAHDS, the contribution to the electrical conduction
process by these ions and their vacancies can also be neglected
The protonic defects associated with this material are of
two category: the hydrogen ions and their vacancies belonging

to NH; group and those associated with the HSO4 group. The
O-H bond is fairly strong and hence the H+ in the HSO4 group
is not easily detachable. Thus the concentration of the former
type of protonic defects is large compared to the latter and
hence, it is concluded that the mechanism of electrical condu
ction in TAHDS single crystal is the» migration of protons

in the interstitial position from the NH4 groups. The lower
value of conductivity for the deuterated specimen in the whole
temperature range is a direct evidence to show that the
mechanism of electrical conductivity in this material is
dominated by protonic conduction. In the present experiments,
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the decrease in the value of conductivity obtained in the
deuterated specimens is obviously due to the smaller mobility
of the heavier deuterium ions compared with H+ ions.

These experimental observations are completely in
agreement with the earlier coulometric experiments suggesting
that this material is a protonic conductor [10]. The activation
energy values obtained from the straight line regions are
in very good agreement with the values reported in other simi
lar crystals exhibiting protonic conduction [l7,l9,23].

The activation energies in the case of DTAHDS is
slightly higher than that obtained for’ the pure material.
This observation is of some significance in that slight changes
in the potential well might be occurring in the case of deuter
ated material. The vibrational amplitudes of the hydrogen
atom in these substances are fairly large» and hence, some
anharmonic effects are likely to be observed in such materials.
Since, the mass of deuterium is double that of hydrogen a
substantial reduction in mean square amplitudes of vibration
of these bonds must be taking place when hydrogen is substi
tuted by deuterium. As a result, the average values of inter
nuclear distances for the N-H and O-H bonds are likely to
be slightly smaller compared with those in the case of TAHDS.
Such changes in average bond lengths can cause changes in



89

the parameters of the potential wells to a smaller extent.
The changes in the values of activation energies observed
can thus be considered as a reflection of the slight rearrange
ments of the potential,barriers encountered by the carriers
due to the deuteration process.

The large dielectric constant obtained. beyond the
high temperature phase transition point sheds some light on
time mechanism involved in this structural change. It is
known that the HSO4 group becomes partly free to reorient
thus contributing significantly to the orientational part
of the polarisability. The difference between the values
of Eb* in the two cases can thus be attributed to the slight
reduction on deuteration in the length of the hydrogen bonds
and of N-H and 0-H bond lengths as a result of the large an
harmonic effects associated with the vibrations of these bonds
[25].

3 . 5 CONCLUSIONS

l. Both dc electrical conductivity and dielectric con
stant measurements carried out in single crystals of pure

*
triammonium ihydrogen disulphate- along the <: axis show' a
A —shaped anomaly at 140°C, which corresponds to a phase transi
tion occurring in this crystal at this temperature.
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2. In the deuterated specimen the transition temperature
is found to be raised by 5.5°C in the conductivity measurements
and 5°C in the case of dielectric measurements.

3. The transition at 140°C is accompanied by a thermal
hysteresis of 2°C in the conductivity and 8.5°C in the case
of dielectric measurements during heating auui cooling cycles
whereas the transition observed in deuterated specimen shows
a thermal hysteresis of 1°C and 6°C respectively in conducti
vity and dielectric measurements.

4. Except in the vicinity of the transition points
the log 6‘c* vs 103/T plots show distinct straight line regions
characteristic of ionic crystals.

5. The variation of conductivity with temperature both
for pure and deuterated specimens in different phases are
given by equations (3.1) to (3.4) yielding conduction activation
energies 1.43 and 0.71 eV for pure TAHDS and 1.51 and 0.78 eV
for DTAHDS.

6. The lower value of conductivity exhibited by deute
rated specimens clearly shows that the mechanism of electrical
conduction is dominated by protons.
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7. The significant difference in the absolute magnitude
of dielectric constant in pure and deuterated TAHDS is attri
buted to the slight reduction in lengths of the N—H and 0-H

bonds associated with the NH4 and I-ISO4 groups in the TAHDS
as a result of deuteration.
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Chapter IV

DC/AC ELECTRICAL CONDUCTIVITY,DIELECTRIC CONSTANT

AND PHASE TRANSITIONS IN (NH4)2HPO4

Abstract

dc and ac electrical conductivity measurements
carried out in single crystals of diammonium hydrogen phos
phate along the c-axis show anomalous variations at 174,
246 and 416K. Low frequency dielectric constant also exhi
bits peaks exactly at these temperatures with a thermal
hysteresis of 13°C for the peak at 416K. These specific
features in electrical properties are entirely in agreement
with earlier NMR second moment data and can be identified

with three <distinct phase ‘transitions ‘occurring in the
crystal. The electrical conductivity values have been found
to increase linearly with impurity concentrathmi in speci

mens doped with specific amount of SOi_ ions. The mechanisms
of phase transition and of electrical conduction process
in the material are discussed in detail.
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-4.1

II.I'.L‘ElODUCTION

A number of crystalline ammonium compounds undergo

characteristic phase transitions resulting in drastic changes
in a variety of physical properties as their temperature
is changed. These physical properties have been extensively
studied by various techniques like NMR, EPR, IR and Raman,
Cold neutron scattering, Differential thermal analysis,
Differential scanning calorimetry, Ultrasonic and X—ray
diffraction. Measurement of electrical properties of such
materials can also yield valuable information in relation
to such phase transitions.

Diammonium hydrogen phosphate, (NH4)2HPO4, (DAHP)
is a very interesting crystal, belonging to the above cate
gory of materials. The previous investigations on this
material include X-ray studies [l-4]» Differential thermal
analysis [5], NMR second moment calculations [6] anui spin
lattice relaxation time measurements [7]. The first attempt
was due ix) Sherwin [5], \flu> is reported tx> have used the
DTA data in polycrystalline samples to show that this sub
stance undergoes a crystalline transition near 418K. This
transition temperature was found txn be slightly influenced
by the presence of ‘water vapour and by repeated cycling
through the transition, while it is little affected by the
rate of heating and ccclirtg. Later Coates and Smith [3]
using X—ray powder diffraction technique determined the
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high temperature structure as orthorhombic. They have also
shown that the high temperature phase has 8 molecules per
unit cell with 23% increase in density with respect to the
low' temperature phase. Watton. et al. [6] using NMR proton
second moment and spin lattice relaxation time measurements

made with a coherent pulse spectrometer in powdered samples
in the temperature range 77K to 430K suggested that the relat
ively high activation energies associated with the different

motions of non—equivalent NHZ ion groups can be attributed
to hydrogen bonding between NH; groups and the surrounding
nearest neighbouring oxygen- atoms and that the unrealisti
cally short interproton distance of l.47l§ as determined by
X—ray diffraction may be due to the angular oscillations

of the NHZ groups. They also predicted that there is a possi
bility of the occurrence of a structural phase transition
between 295 and 170K. Since, the results obtained at 215K
are in agreement with the structure at room temperature,
this temperature range could be limited to the region between
295 and 215K. All these previous investigations were restri
cted to polycrystalline or powdered samples. No attempt
has so far been made to study any of the electrical properties
of DAHP. In this chapter a detailed investigation of this
aspect is carried out on single crystals of pure and SO2
DAHP. We have also confirmed and accurately fixed the transi
tion point of the previously indicated high temperature phase



98

transition using dc and ac electrical conductivity as well
as dielectric constant data. These measurements have been
extended to low temperatures to see whether this substance
exhibits any phase transitions between 80K to 300K and con
sequently' some quite interesting new results lunua been
obtained in this region.

4.2 EXPERIMENTAL DETAILS

Single crystals of DAHP were grown by slow evapo
ration from an aqueous solution containing the compound
(E Merck India). The material was further purified by repea

ted recrystallisation using triply distilled water. S02
doped samples were prepared by adding specific amount of

(NH4)2S04 (between, 0.02 to 0.1 mole %) into the solution.
Samples of typical size 5x5x2 mm3 were cut from large single

crystals and the broad faces of the specimens coated with
quick drying silver conducting paint. Details of the cryo
stat, sample holder and temperature measurement have been
described in chapter II. For dc electrical conductivity
measurements, a potential difference of l0—l00V from dry
batteries was applied across, the specimen kept under vacuum
(10-3 Torr) conditions, and the resulting current was measured
using Keithley model 642 electrometer. For ac conductivity
measurements an LE‘ oscillator of low output impedance was
used to provide a sinusoidal voltage l0—25Vrms at 90 Hz across
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the sample. An ac microvoltmeter of high input impedance
along with an appropriate standard resistance was used for
the current measurements. The dielectric measurements were
carried out using ea direct reading capacitance meter (Vasavi
Electronics India, Model VLCl) and the lead and fringe capa
citances were eliminated using tflne method of Ramasastry and
Syamasundara Rao.

4.3 EXPERIMENTAL RESULTS

2...
4.3.1 DC electrical conductivity measurements of pure and S04

doped diammonium hydrogen phosphate

The results of the dc electrical conductivity
measurements carried out in pure and SOi_ doped single crystals
of diammonium hydrogen phosphate» in the ‘temperature range
from 80K to 423K are shown in figure 4.3a. The results were
found to be very well reproducible for different samples.
The log<r'vs lO3/T plot for pure and doped DAHP show prominent

conductivity anomalies with distinct /\ —shaped jpeaks, one
at 246K and the other at 416K. Another'anomalous variation
of much smaller magnitude occurs at 174K. The peak at 246K
is an abrupt one and a very large variation in conductivity
is observed on the low temperature side of this peak. It
is found that the conductivity rise ixm this ‘region covers
about four orders of magnitude. On the other hand, the high
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temperature conductivity anomaly observed at 416K is confined
to less than one order of magnitude. Below 416K the conducti
vity plots have three straight line regions designated by
I, II and III (boundaries of the regions are specified else
where in the text) which are characteristic of ionic crystals.
It is also found that in pure and doped DAHP crystals in
dry nitrogen atmosphere, the magnitude of the conductivity
in the respective samples are the same as those obtained
under vacuum conditions.

In the low temperature range the conductivity for

S027 doped specimens is found to be greater than that for
undoped specimens. However, the temperature at which the
anomalies occur are found to remain unshifted in the doped
samples for the concentrations used here (0.02 to 0.1 mole %).
In the high temperature regions the conductivity plots for
both pure and doped samples merge together which indicates
that the same mechanisms are operative in both materials.

A plot of 6- vs S03 concentrations for the doped
samples at 303K is shown in figure 4.3b. This gives a straight
line, from which the mobility ‘)4 ' of the defects created
by the addition of S05; ions can be calculated using the. . 2
equation 3%. =Q[\,4_ where 'n' lS the concentration of S042 1 1ii! 1p_ 1; 0 Q _o _ PI -1 ‘y 15 QQ Q. Q . ' -_ 1 "~"'\ _' ‘-' I"
C381-EC=..S '3;-:;ClI'1C_Z_I 5-_ '._,'5_:_'_;-3- .3; ‘/"l - 1.2/X13 c.-.1 v :€~. 
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Activation energy values calculated using the straight line
regions of the conductivity plots are 1.48, 0.49 and 0.01 ev
respectively for the regions I, II and III. These are quite
close to the corresponding values (1.47, 0.46 and 0.01 eV)

obtained for the S02 doped DAHP.

4.3.2 DC electrical conductivity measurements of pure and SO?“
doped diammonium hydrogen phosphate g

The results of ac electrical conductivity measure—

ments in pure and S03: doped specimens of DAHP are shown
in figure 4.3c. It can be seen that the log<r'vs 103/T plot
shows three distinct variations at temperatures 174, 246
and 416K respectively in both pure and doped samples of DAHP.
Here, the magnitude of the ac conductivity is far higher
than the magnitude of the dc conductivity in both pure and
doped samples. In this case also no appreciable change in
conductivity results was observed, when the experiments were
performed in the dry nitrogen atmosphere.

4.3.3 Dielectric measurements of pure diammonium
hydrogen phosphate

The results of dielectric measurements carried
out in DAHP single crystals at l KHz in the temperature range
80K to 303K are shown in figure 4.3d. While EC vs T curve
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for the high temperature region (303 to 423K) is shown in
figure 4-.3e. The EC vs T plot gives abrupt variations exactly
at the same temperatures where the conductivity anomalies
occur viz., 174, 246 and 416K. The dielectric constant in
creases gradually and reaches a maximum of 13.6 at 174K and
decreases thereafter as the temperature increases and again
attains another maximum (14.5) giving a second peak at 246K.
On further increase in temperature Ec remains constant at
the value of 10-6 upto 375K. As the temperature rises further»
the dielectric constant changes abruptly from its steady
value of 10.6 to 320 at 416K and then levels off beyond this
"temperature. On the cooling cycle the above change reverses

with a thermal hysteresis of about 13°C. However, below room
temperature no thermal hysteresis has been observed at 246K
or 174K. For the doping concentrations employed here (0.02
to 0.1 mole %) the dielectric constant values observed for

S05: doped samples are found to be virtually same as those
obtained for pure DAHP and hence it is not shown in the
figure.

4 . 4 DISCUSSION

Previous studies made on a series of ammonium

containing crystals like (NH4)2S04 [8—l0], LiNH4S04 [11—14]/
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rm4c1 [15], (NH4)3H(SO4)2 [15-17], (NH4)I-IZPO4 [18] have un
mistakably shown that anomalous variations in conductivity
and dielectric constants of the type observed here are almost
always associated with structural, orientational, or order
disorder transitions occurring in these crystals at specific
temperatures. In the results obtained here, there exists
complete agreement between ac/dc electrical conductivity
measurements and the dielectric constant data as far as the
anomalous variations in these quantities are concerned. It
is to be noted that proton second moment data [6] as a fun
ction of temperature also show clear variations near 246K
and 174K whereas the relaxation time in the laboratory frame

Tl in (NH4)2HPO4 clearly indicates a dip in the vicinity
of 416K [6]. Thus experimental results obtained for single
crystal samples of DAHP from the above independent measure
ments conclusively show that this substance undergoes three
phase transitions at temperatures 416K, 2.46K and 174K res
pectively. The origin and mechanisms of these transitions
can be understood by a detailed consideration of the structure
of this compound.

At room temperature diammonium hydrogen phosphate

forms colourless monocrystals with space group p2./C having

cell constants a = lf_.C=43}=:=.), b = 6.7008, c = 8.343 .5, ;3= ll3.42°



109

and Z = 4 [1,2] and is isomorphous to (NH4)2HAsO4 [18]
It was suggested that the structure of DAHP consists of PO11

and NI-E4 tetrahedra connected by O-H....'O and N—H....O bonds
(as shown in figure 4.4a) which form infinite zig—zag chains
parallel to the c-axis as shown in figure 4.4 b. In fact
the structure of» (NI—I4)2HPO4 is determined to a large extent
by these hydrogen bonds and their peculiarities. The length
of these hydrogen bonds however, are not identical (I-I...O
distances in N—H....O are 1.87, 2.07, 1.96 and 1.9302. for

the first NH4 group). The NH4 tetrahedra in this material
is slightly distorted even at room temperature as indicated
by X-ray data [4]. The N—H_-IN, -angles deviate from normal

.. 1
.v , 0 

tetrahedra1'values and th'ey'ta_r;ge from 105 to 115° at room
temperature. It is likely that the extent of distortion
of NH4 tetrahedra is much larger at lower temperatures, where
the lattice is found to be more rigid and all the hydrogen
bonds are intact as suggested by the NMR investigation [6].
It is to be expected that this hydrogen bonding would become
sufficiently weak at high temperatures to allow reorientations

of the NI-I4 group. Since the strength of these bonds are
all different as indicated by their bond lengths a variety
of reorientations can take place at different temperatures.

On increasing the temperature from 77K reorient

ations of NH4 tetrahedra about two fold (C2) and three fold
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(C3) as vmflj. as simultaneous reorientations about two inde
pendent two fold (2C2) axes can take place depending on the
magnitudes of the reorientational activation energies required
for these changes. A satisfactory explanation for the obser
ved experimental results from ac/dc conductivity and diele
ctric constant data can be obtained if we assume that the

reorientation of NHZ ions about the two fold axis is the
cause for the transition at 174K, since it requires a compara
tively lower activation energy for this type of rearrangement.
The transitions observed at 246K can then be attributed to
the reorientation about the three fold or simultaneous re

orientation about two C2 axes of the NI-I4 tetrahedra in the
crystal lattice. Thus one may conclude that NHZ ions in
this material undergoes sudden reorientations of cdifferent
kinds at two different temperatures viz., 174K and 246K lead
ing to the occurrence of two separate well defined transitions
at low temperatures.

As the temperatureFof the specimen increases above

room temperature the hydrogen bonds become progressively
weaker and at 416K one may conclude that the hydrogen bonds
associated with the ammonium tetrahedra are completely broken

and the NI-IE ions which are assumed to be in a state of tor
sional oscillation now change over to a state of free rotation
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The onset of such free rotation can cause a significant change
in the electrical conductivity as well as the dielectric
constant at this temperature. Similar effects have been
found to occur in a number of ammonium salts like (NH )2SO4,4

NH H PO and LiNH SO . The present observations are in com4 2 4 4 4 '
plete agreement with the earlier DTA measurements [5,6] except
for a slight change in temperature from 418K to 416K. X-ray
measurements [3] which also support our experimental data
show that this substance undergoes a change of structure
from monoclinic to orthorhombic with unit cell parameters
a = 10.78, b = 14.46, c = 9.061; at higher temperatures.
Further, the variation of dielectric constant with temperature
gives a clear thermal hysteresis of 13°C showing that this
transition at 416K is a first order one.

To facilitate an understanding of conduction mecha
nism in pure and doped specimens of DAHP, a brief discussion

of the peculiar features of P04 group in ammonium containing
phosphates is required. The phosphate lattice is almost simi

lar to that of ammonium dihydrogen phosphate, NH4H2PO4 (shown

in figure 4.4c) and potassium idihydrogen phosphate,KH2PO4
[20,21] with a difference that instead of two hydrogen atoms

associated with P04 tetrahedra (HZPO4) only one hydrogen
atom its incorporated iml the present structure (HPO4)2_ and
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Figure 4.4c. Various types of defects observed in phosphate
lattice.
(A) Ammonium dihydrogen phosphate lattice.
(B) L and D defects.
(C) Ionization defects.
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as a result an open hydrogen bonded network (as shown in

figure 4.4b) is formed to accommodate the cations (NEE ions)
to preserve charge neutrality. Thus each hydrogen bonded
network of the phosphate lattice on an average has only
one position for its proton and it is located towards the
end of the bond. However, configurations such as HZPOZ-' or
H3PO4 may be formed due to the transfer of a hydrogen ion
from one HPOi_ group to the adjacent group or by the transfer
of two hydrogen ions to an HPOZ_ group. It is also possible
for protons associated with the HPOZ-' group to jump from
one group to another along the same bond (intrabond jump)
by a resonance tunnelling mechanism [22] which has been
found to occur in ADP and KDP [23]. These processes are
sometimes observed at fairly high temperatures resulting
in the formation of such defects called ionisation defects.

Naturally it is possible for protons to jump from
one bond to another bond on the same phosphate group (inter
bond jump) and as a result it leaves a hydrogen bond without
a proton (this is known as the L—defect) as shown in figure
4.4-C, or produces a bond with an I-1+ in each of its proton
positions. Such doubly occupied proton position is known
as a D—defect [22,23]. Thus protons can migrate through
the hydrogen bonded network by a series of interbond and
intrabond jumps. Hence, electrical conduction in these
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class of compounds can be attributed to the combined effect
of individual motions of ionization defects and of L or
D defects.

In addition to the above mentioned defects there
exists. what is known as protonic defects associated with
the ammonium group which are also known as A-defects. It
has been suggested that proton vacancies are generated in

the NH4 lattice by the incipient decomposition associated
with the formation of NH3 and H3PO4. This is mainly due
to the breaking of the ammonium hydrogen bonds and the trans
fer of the proton directly to the neighbouring phosphate
ion where it is held by electrostatic attraction [23]. This
process occurs only at a much higher temperature.

Consideration of those phenomena occurring in the
crystal can provide a satisfactory explanation of the electri
cal conduction which essentially is a defect controlled
process. In the intrinsic region below the high temperature
phase transition point (region l, from T = 416K to 355K)
the electrical conduction is mainly due to the generation
of thermal defects as well as ionization defects. In this

temperature range the transfer of protons from HPOi_ group
occurs giving rise to P02 group. The equillibrium condition
can be expressed as2- + 3

HPO4 ;:2 _H + P04
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This is ixm accordance with the prediction of Khan et al-[4]
*-:E".ere it is suggested that oxygen atom C43?  figure 4.4b

associated with the HPOZ-. acting as a donor in the only
O—H....O bond in the structure is saturated and is not well
qualified to act as an acceptor of a hydrogen bond. Thus
it is quite likely that the conduction in this region is
essentially due tx> the migration cnf these protons from the
phosphate groups. The activation energy value of IJ48 em’

obtained for pure DAHP (1.47 eV for SOi_ doped DAHP) in
this temperature region is in very good agreement with those
reported in time literature for similar crystals in which
the mechanism of electrical conductivity' is dominated by
protonic conduction [l5,l6,l8,24].

The region from T = 355K to T = 246K can be desig
nated as region II. This is a region where impurity control
led conduction dominates over other conductivity mechanisms.
This becomes clear from the effect of doping the crystal

with SOi- ions. The SOi— ions in the lattice replace the
POZ_ ions and a proton hole (L—defect) is created for charge
compensation. Here, a corresponding increase in conductivity
is expected. Indeed, as seen in figure 4.3b a linear
increase in conductivity with SOi_ ions occurs as a result
of generation of L—defects in the materials. The activation
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energy of 0.46 eV for L defect mobility is in very good
agreement with that observed in ADP and KDP (0.46 eV and
0.52 eV) crystals. Again the magnitude of mobility of these

L defects generated by the doping of 802- in DAHP compares
well with the values reported by several authors in other
hydrogen containing phosphates [22,24,25]. In the tempera
ture below 246K (region III,T = 174K to T = 100K) the small
value of conductivity and activation energy observed could
be due to the precipitation of the existing defects generated
by the impurities or due to the freezing—in of defects gene
rated by the impurity ions leading to a corresponding decre
ase in the number of mobile carriers.

The ac conductivity measured at 90 Hz is higher
than the dc conductivity by more than one order of magnitude
in the whole temperature range. The higher value is expected
in this case because of the additional contribution of the
polarisation component of the current. As a result the
sharp change from intrinsic to extrinsic region is smeared
out and the conductivity plots show much smoother variations
with respect to temperature. At still lower frequencies,
the conductivity plots do exhibit the distinct regions I1
II and III as obtained in the case of dc measurements.
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4.5 CONCLUSIONS

The electrical measurements carried out in single

crystals of pure and S02- doped diammonium hydrogen phosphate
lead to the following conclusions.

l. dc and ac electrical conductivity and dielectric
constant measurements in single crystals of (NH4)2HPO4 show
anomalous variations at 174, 246 and 416K corresponding to

three distinct phase transitions occurring in this crystal.

2. The experimental observations are found to be in
good agreement with the earlier DTA and NMR second moment
calculations.

3. The phase transition observed at 416K can be identi
fied with the structural change indicated by X—ray measure—
ments and it is of first order.

4. The transitions at 246 and l74K are attributed to

the different reorientations of NHZ groups in DAHP.

5. The activation energy and mobility for carriers
in this material show that protonic conduction is the dominant
mechanism responsible for the electrical conductivity of this
material.

\
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Chapter V

THERMAL DEPOLARISATION STUDIES OF PURE AND DOPED

DIAMMONIUM HYDROGEN PHOSPHATE

Abstract

The results of thermal depolarisation current (TDC)
measurements carried out in pure and doped diammonium hydrogen
phosphate in the temperature range 80K to 423K are presented
in this chapter. The depolarisation current spectrum shows

I
v

three distinct peaks-in time pure diammonium hydrogen phosphate

and four peaks in the S02 doped diammonium hydrogen phosphate
crystals. Detailed investigations of TDC carried out in these
materials as a function of impurity concentration, poling field,
poling temperature and heating rate reveal the origin and nature
of each of these peaks. ifimz observed experimental results
are in very good agreement with those obtained from earlier
conductivity and dielectric constant measurements. The DSC
measurements of this material also support the conclusions
drawn from the TDC studies.

123
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5 . l INTRODUCTION

15:?  compounds exhibit characteristic transi
tions and these affect a variety of physical ‘properties as their
temperature or pressure is changed. Among these materials

crystals containing NH4 and P04 groups have been of great inter
est in recent years in view of their dielectric, ferroelectric
and thermal properties. The hydrogen bonds of O—H....O and
N—H....O type in these crystals play an important role in deter
mining some of their physical properties._ Diammonium hydrogen
phosphate (DAHP) is an interesting crystal belonging to this
class of materials. Though a fairly good number of investiga
tions are already reported in DAHP [l—7] no attempt has so far

\

been made in studying the detailed electrical properties of
these materials except for some very recent conductivity and
dielectric measurements [8]. In the present chapter a detailed

investigation carried out in single crystals of pure and SO2
doped diammonium hydrogen phosphate using thermal depolarisation

current technique is depicted. We report here the observation
of three distinct peaks in the thermal depolarisation current

spectrum of pure DAHP and four peaks in the SOi_ doped specimens
of diammonium hydrogen phosphate within the temperature range

studied here. Detailed analysis of these peaks is made by study
ing their characteristics as a function of poling field, poling
temperature, impurity concentration and heating rate.
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The study of thermal depolarisation current measure
:e:ts" ::i;i:zLl§"jproposed tqr Bucci ~e: eia §9,lO} has evoked
considerable interest in recent years in view of the information
one can draw about various phenomena such as relaxation, solubi
lity and precipitation process of impurity vacancy (I-V) com
plexes, phase 'transitions and space charge effects; associated
with ions, electrons and holes in ionic and ceramic materials
as well as in polymeric solids. The method in its essence con
sists of four distinct steps.

(i) The polarisation of the sample by the application
of aux electric field at ea temperature for which the relaxation
time associated with time I—V dipole complexes is short compared
to the time scale of the experiment.

(ii) Cooling the specimen rapidly to a very low temperature
with the field intact at which the relaxation time is very large.

(iii) Then the sample is heated in a linear fashion at a
constant rate with the field removed.

(iv) Recording the discharge current as a function of
temperature.

From the nature of the dischangecurrent as a function of
temperature and from the position of the discharge current peak,
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the activathmi energy anui the reciprocal frequency factor can
be obtained :§ ;si:;: ::e first order reorientszion kinetic
equation [10].

5.2 EXPERIMENTAL DETAILS

The method of preparation of single crystals of DAHP
is already given ixa chapter IV. The single crystals used in
the present investigation were obtained after three recrystal
lisations using triply distilled water. Sulphate doped specimens

of DAHP were grown by adding specific amount of (NH4)2S04 into
the solution. The nominal concentration of impurities added

ranges from 0.02 txa 0.1 mole %. The presence of S0i— ions in
the specimens of DAHP were verified by taking the Laser Raman
spectrum <1f the doped material. ‘The samples used for the depola
risation measurements were prepared by cutting slices of typical
sizes 5x5xl mm3 from large single crystals. For good electrical
contact between the crystal and the electrodes, the broad faces
of the specimen were coated with silver paint. The sample holder:

vacuum chamber" for temperature ‘variation studiesq "measurement
of temperature etc., have been already described in chapter
II. The thermal depolarisation current measurements were carried
out by polarising the specimen with a voltage of 100-600 V for
a polarising time of 1-10 minutes at the polarising temperature
ranging from 300 to 400K. With polarising field still on,
the crystal was cooled ~down to ea very low' temperature (80K)
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where the electric field was removed. The crystal was then
connected to an electrometer (I<'.ei1:'::ley ::odel,642) for the depola
risation current measurement and the discharge current along
with the temperature of the specimen was recorded using an
X—Y recorder by increasing the temperature of the specimen at
a constant linear heating rate ranging from 0.01 to 0.1K/sec.
The differential scanning Qalgrimetrig (DSC) studies were made
using a Perkin Elmer Delta Series Model DSC7 instrument.

5.3 EXPERIMENTAL RESULTS

5.3.1 Pure diammonium hydrogen phosphate

The thermal depolarisation current spectrum of undoped
diammonium hydrogen phosphate crystals recorded in the tempera
ture‘ range of 80K to 423K with a heating rate of 0.07K/sec.
is shown in figure 5.3a. The spectrum obtained by polarising
the specimen at 300K for 2 minutes with a poling field of 3KV/cm
shows three distinct current peaks (denoted as A,B and C) of
varying magnitude with their current maxima located at tempera
tures l74, 248 and 418K. It is to be noted that the peak B
is quite sharp and narrow with a height" more than twice that
of the peak A. The height of the peak C is about‘ one order
of magnitude greater than that of peak A. The exact shape of
the peaks A and B are separately shown in the inset of figure
5.3a.
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5.3.2 SOZ_ doped diammonium hydrogen phosphate

The depolarisation current spectra obtained for SO31‘
doped (0.1 mole %) specimens of Z1.’-.52 by polarising it at 300K
with a field of 3 KV/cm (for 2 minutes) with a heating rate of
0.07K/sec. is shown in figure 5.3b. In addition to the three
current peaks (denoted as A,B and C) observed in undoped DAHP
specimens an additional current peak (denoted as D) is also
observed in this material at 296K. This current peak is a broader
one with a height which is three times larger than that of A
in the ‘undoped diammonium hydrogen phosphate. ifiua height of

the peaks are found to be slightly enhanced in the S02-' doped
specimens compared with the corresponding peaks in the undoped
materials under time same conditions. However, the temperatures
corresponding to the current maxima for the peaks A,B'and C in

the case of SO2— doped specimens are found to be approximately
the same as those in the case of pure DAHP when lower levels
of doping concentrations are used, whereas these are slightly
affected at higher doping levels.

5.3.3 Effect of poling field on the TDC spectra of pure and
doped DAHP

The effect of poling field (1-6 KV/cm) on the variation
of the height of the peaks A, B and C is shown in figure 5.3c.
The plots show no appreciable change either in shape or in the
magnitude of any of these peaks. However, on increasing the
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poling field above 6 KV/cm, just before the second peak, a
number of current spikes have been observed. The heights of
these current spikes varies upto three orders of magnitude
as shown in ii;::=;- 5-3-d- It is to be noted that the number
of these spikes is not constant for each repetition of the
depolarisation current measurement. Figures 5.3e and 5.3f
show the nature of variation of these anomalous current spikes
observed in the second and third consecutive repetition of
the depolarisation measurement. Inspite of the occurrence
of these fluctuations at higher poling fields it is possible
to recover the clear and transparent crystal without damage
even after heating it upto 423K. Figure 5.3g illustrates
the effect of poling field on the magnitude of the current
peak D and the inset shows the linear variation of the current
maximum with the applied field. It is found that the variation
of poling field has no effect on the height or shape of the
TDC peaks A,B and C in the S02 doped DAHP and hence they
have not been shown in this figure.

5.3.4 Effect of poling temperature

Figure 5.3h which shows the effect of poling tempera

ture on the height of the peak D in the 0.1 mole % SOi_ doped
specimens of DAHP obtained by polarising it with a field of
3KV/cm for 2 minutes, indicates that the height of the peak
decreases with the increase of poling temperature. However;
the intensity and shape of the peaks A,B and C in both pure
and doped DAHP specimens are found to be unaffected by this
treatment.
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5.3.5 Effect of impurity concentration

The nature of variation of the current peak D as
a function of temperature for various amount of SOi_ (ranging

1

from 0.02 to 0.1 mole %) doped DAHP crystals poled at 300K
for 2 minutes with a field of 3 KV/cm is shown in figure 5.3i.
It is to be noted that the height and shape of the peak D
varies in proportion to the concentration of S02 ions added
in the pure material. Figure 5.3j shows the effect of SO2
concentration on the magnitude of" the current maxima for the
peak D. It shows a linear variation implying that the impurity
ions are responsible for this change. The current peak D
isolated from the main TDC spectrum obtained for 802- (0.1
mole %) doped DAHP crystal using thermal peak cleaning technique

[l0] is shown in figure 5.3k. The log I vs T_l plot obtained
for this isolated peak.given in figure 5.31, yields an acti
vation energy value of 0.53 eV and a pre—exponential factor
of 4.4xl0 12 sec.

5.3.6 The effect of heating rate

The effect of heating rate on the nature of variation
of the TDC peaks both in pure and doped DAHP crystals obtained
by polarising it with a field of 3 KV/cm for 2 minutes at
300K is such that the temperature corresponding to the current
IE_‘_..'_iIl& depends slightly on the rate :5 heating whereas the
areas delineated by all the peaks A,B and C are found to be
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unaffected by the change in heating rate. It is also observed
that for higher heating rates the height of all  current
peaks show a slight increment.

5.3.7 Results obtained from DSC studies

Figure 5.3m shows the DSC spectrum recorded for DAHP

in the temperature range lOOK to 300K with a heating rate
of 20°C/m in the heating cycle. The spectrum obtained shows
two distinct variations in the heat flow indicative of the
occurrence of two phase transitions.

5 . 4 DISCUSSION

The conductivity, dielectric and NMR studies made
lv~o

earlier in ammonium containing ionic crystals like NH4Cl [11,
12], (NH4)2SO4 [13-16], LiNH4SO4 [17,19], (NH4)3H(SO4)2 [20-22]

(NH3)2HPO4 [8], (NH4)H2PO4 [23-25] reveal that at elevated
temperatures the reorientation er free rotation of the ammonium
groups in these crystals can lead to phase transitions and
such motional effects of ammonium group generate a large number

of protonic effects which contribute significantly to the
conduction process. Ins already mentioned in chapter IV pure
diammonium hydrogen phosphate (DAHP) undergoes three well
defined transitions at temperatures 174, 246 and 416K and
that the origin of these transitions has been discussed in
detail. Therefore the field independent depolarisation current
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peaks observed in diammonium hydrogen phosphate at temperatures

174-, 248 and 415?. can be assigned directly as due to the occur
rence of three distinct phase transitions in this matériilr
at the above temperatures. Similar TDC peaks have been found
to appear at transition points in many materials. These
results obtained are further verified by taking the DSC spectrum
of this material. The slight difference in transition tempera
tures observed on both in TDC and DSC measurements compared
with that observed in electrical conductivity and dielectric
constant measurements can only be due to the higher heating
rate employed in the former cases. The three current peaks
A,B and C occurring in the pure material also appear virtually

unchanged in the SOi- doped DAHP material. The fact that,
the three peaks, A,B and C in SO§_ doped DAHP material suggests

that the defect structure created by the addition of SO3
ions has no role in determining the characteristics of this
three peaks, and therefore A,B and C peaks should be attributed
as innate property of the original material.

The occurrence of additional peak D in the case of

SOi—_doped DAHP specimen clearly shows that this peak arises
due to the substitution of the impurity ion in the host latti

ces. As already indicated in chapter IV, the (NH4)2I-IP04 con
sists of NH4 and P04 tetrahedra held together by N-H....O
and O—H....O bonds. When the host POi_ ion is substituted
by an aliovalent impurity ion like SOi_ the charge compensation
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is usually achieved by the creation of proton vacancies as
generallyiobserved in KDP and ADP type crystals [26,27]. This
is true in the pres-:-at case also as revealed from the conducti
vity studies. If the charge compensating species is in the
local environment of the impurity ion then a dipolar complex
is formed which may reorient by a thermally activated jump
of one of the constituents of the complex. Thus the detection
of dipoles with relaxation parameters of the appropriate magni
tude would support a predominant vacancy transport mechanism.
If the charge transport in the crystal proceeds via cation
or anion vacancies, then such dipoles formed by the association
of these vacancies with divalent impurity ions should be detected
by the TDC technique. Again the frequency associated with
the relaxation of these dipoles is expected to be of the order
of lattice vibration frequency (1012 to 1014 sec-1) [28].
Thus the detection of dipoles with relaxation parameters of
appropriate magnitude would support a vacancy charge transport
mechanism in the material. In the present case substitution
of bivalent anions i.e., S05: ions for P02: would require a
cation vacancy for maintaining the charge neutrality of the
crystal, thus giving rise to charge compensating vacancy dipoles.
These dipoles alter their orientation when the associated defect
jumps from one lattice site to another around the impurity
ion. Consequently, the pre-exponential factor of the relaxation
time of the dipoles is expected to be of the order of inverse
of lattice vibrational frequency.
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Considering these facts, it is clear that the peak
occurring at ="296-K with an activation energy of 0.53 ell and

pre—exponential factor 4.4xlO-12 sec is due to the anion impu
rity cation vacancy (i.e., L defects) dipole complexes. Since,
the mechanisms for conductivity and thermal depolarisation
involve identical proton vacancy jumps, one can correlate the
conductivity and the thermal depolarisation results. As noted

in chapter IV the electrical conductivity of SOi_ doped DAI-IP
crystal gives activation energy of 0.46 eV which is found to
be fairly in good agreement with 0.53 eV obtained from TDC
measurements. The conductivity in these crystals have been
found to be due to the migration of proton vacancies, i.e.,
L defects. Based on the arguments given above, one may conclude
that the impurity — proton vacancy dipoles are responsible
for the observed, thermal depolarisation current peak at 296K.

The TDC studies extended in S02-' doped specimens of
DAHP as a function of poling field and S02‘ concentration
strongly support the above conclusion that the origin of the
peak observed at 296K is due to the formation of I—V complex

~

1
by the substitution of S02 in the P04 lattice. The effect
of poling temperature on the peak height of TDC peak observed
at 296K suggests that the dissociation of these I—V complexes
results at higher poling temperatures causing corresponding
decrease in the number of I—V dipoles and hence a reduction
in the TDC peak D.
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5 .5 CONCLUSIONS

The thermal depolarisation current measurements carried

out in pure and SOi_ doped single crystals in the temperature
range 90K to 423K as a function of poling field, poling tempera
ture, impurity concentrations and heating rate, lead ix: the
following conclusions.

l. The thermal depolarisation current spectrum obtained
for pure DAHP gives three distinct peaks (denoted as A,B and

C) whereas in S02 doped DAHP an additional peak (denoted as D)
is also observed.

2. Peaks A and B in both pure and doped DAHP can be
assigned as <due to ‘the reorientation of the NH4 tetrahedra
and the peak C as due to the structural change taking place
in this material.

3. The nature of variation of the peaks-A,B and C as
a function of poling field, poling temperature and SOi_ concen
tration does not show characteristics of TDC peaks whereas
D exhibits the typical characteristics of a TDC peak.

4. The additional peak observed in SOi- doped DAHP crystal
at 296K can be assigned unambiguously to the reorientation
of the I—V complexes.
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5. Log I vs T 1 plot yield an activation energy of 0.53 eV
and a pre-exponential factor of 4.4xlO_l2 sec. The activation
energy value compares well with that obtained from dc condu
ctivity measurements.

6. The peak D observed in the TDC spectrum of SOi_ doped
specimen arises due to the formation of impurity ion—cation

vacancy dipole by the substitution of S02 ions in the
(NI-I4)2I-IP04.
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Chapter VI

DC AND AC ELECTRICAL CQNDUCTIVITYrDIBLECTRIC CONSTANTrIONIC

THERMOCURRENT AND PHASE TRANSITIONS IN PURE AND

DOPED (NH4)2Cr2O7 CRYSTALS

Abstract

Ammonium. dichromate (AD) crystal has been investi
gated by dg and ac electrical conductivity, dielectric
constant and ionic thermocurrent measurements. These measure

ments carried out along c—axis in the temperature range 80K
to 435K show three 'distinct anomalous reversible changes
at temperatures 128, 156 and 268K. Similar and supportive
data were obtained with DSC measurements performed in the
same temperature range. These experimental results indicate

that (NH4)2Cr2O7 undergoes three phase transitions below
room temperature. The mechanism of phase transition and
of electrical conduction process in this material have been

\

discussed and the activation parameters are evaluated.

153
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6 . l INTRODUCT ION

Ammonium containing crystals have been studied exten

sively using nuclear magnetic resonance. The proton resonance
line shapes and second moments of various ammonium salts
[l—8] show interesting changes a_s a function of temperature.
Some of these changes can be interpreted readily in terms
of the crystal structure of the salt and of various types
of molecular motion occurring in them. Some of the salts,
however, have nuclear resonance spectra which are not so
easily interpreted, and more experimental and theoretical
work is necessary to understand them. Careful measurements
of spin lattice relaxation times as a function of temperature
might very well provide important and detailed information
about the molecular motion in these substances.

Gutowsky, Pake and Behrson [1] have investigated
the second moments of the hydrogen resonance of ammonium
chloride and ammonium bromide as a function of temperature
and they found that this method is very suitable for deter
mining the N-H distances in these compounds. The hindered

rotation of NHZ in ammonium compounds has been well investi
gated by the measurement of proton spin lattice relaxation

time T1 in the laboratory frame and Tl? in the rotating frame.
5:‘-:e'.--2:, because of the ‘go-or rzattral __=b*;:1d_=.nce of O
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(0.037%), it is very difficult to study the motion of oxygens
by NMR. Shimomura et a£L. [6] reported that the temperature

dependence of the dipolar relaxation time T11) goes through

minimum values in NH4ClO4, (NH4)2S2O8 and (NH4)2Ce(NO3)6.
They have proposed a spin—rotational model to explain these
(T ) . , in which it is considered that the rotation oflD min

NHZ is triggered by the reorientation of the anions.

The reorientational motion of ammonium ions in

(NH4)2Cr2O7 was thoroughly studied by Richards and Schaefer
[9] using proton magnetic resonance. They' have suggested

a low barrier for the reorientational motion for the NH4
ions. The neutron scattering cross section values [lO,ll]
showed a much greater freedom of rotation and weaker hydrogen

bonding for ammonium ions in this compound than in (NH4)2Cr O4.

Vibrational spectra of (NH4)2Cr2O7 have been reported at
room temperature by various investigators [l2—l5] and the
temperature dependence of the infrared studies tn; Schutte
and Heyns [16]. The first attempt to study the phase transi

tions in (NH4)2Cr2O7 was carried out by Jaffray [17] using
differential thermal analysis and specific heat measurements.
These measurements show that this material undergoes ano
malous changes which may correspond to phase transitions
at temperatures 128, 155 and 268K.
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The temperature dependence of the relaxation

time in the laboratory frame Tl, and in the rotatory frame
TlP.:h1 pure and deuterated (NH4)2Cr2O7 (the concentration
of deutrons is about 75%) have been reported by Morimoto
[18]. The values of relaxation time in the_ laboratory

frame for deuterated (NH4)2Cr2O7 are about three times
larger than those in pure (NH4)2Cr2O7 below 143K suggesting
that the inter molecular dipolar interaction of protons

among NI-ID; in deuterated (NH4)2Cr2O7 is responsible for
this change. On the other hand the temperature dependence

of TIP in. deuterated (NH4)2Cr2O7 shows minimum values
between 313K and 299K. The minimum values of T16 observed
in ammonium perchlorate and in ammonium dichromate by
the same author [18] are about 105 times larger than the
theoretical predictions, suggesting that the origin of
the (TlP)min can be understood as the effect of dipolar
interaction between protons (lH) of ammonium ions and
170 of the anions. Further, the large anions will re
orientate about the symmetrical axes and then modulate
the dipolar interaction between 1H and 170 causing the

corresponding decrease in the values of TdP.. Eventhough
Morimoto [18] studied the spin lattice relaxation times

in pure and deuterated (NH4)2Cr2O7 in the temperature
range 80K to 400K, no anomalous change has been observed

in T.‘ as well as in T19 values of these species at the
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transition points reported earlier from specific heat and
differential thermal analysis investigations. Moreover,
no attempt has hitherto been done to investigate the electri
cal properties of this material as a function of tempera
ture.

In the present chapter a detailed investigation

carried out in single crystals of pure and SOi- doped
(NH4)2Cr2O.7 along c-axis in the temperature range 80K to
435K using dc and ac electrical conductivity, dielectric
constant, ionic thermocurrent and differential scanning
calorimetric studies is presented.

6.2 EXPERIMENTAL DETAILS

The method suggested by Kozlova et al. [19]
to grow single crystals of (NH4)2Cr2O.7 from solution by
lowering the temperature of the aqueous solution near 24°
from 53°C could not produce good transparent single crystals
of suitable dimensions for the electrical measurements.
We have used the method of slow evaporation to grow single
crystals of this materials. The starting material after
three times recrystallization using triply distilled water
is used for the growth process. The saturated solution
of the recrystallized material is kept in a constant
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temperature water bath at 36°C. After three to four weeks

large transparent single crystals of (NH4)2Cr2O7 will be
obtained. SOi_ doped single crystals of (NH4)2Cr2O7 were
prepared by adding appropriate amounts of (NH4)2SO4 into
the solution containing the pure material. The specimen
used for the electrical measurements were prepared by cut
ting slices from large single crystals with typical dimen
sions 5x5xl mm3 and by gmdishing it with zero grade emery
and ground glass. Electrical contacts were made using
aluminium electrodes evaporated on to the broad faces of
the specimen parallel to (O01) faces of "the specimen.
The electrical measurements were carried out in the cell
with the normal procedures described in chapter II. The
DSC studies were made in ea Perkin Elmer Delta Series DSC7

calorimeter with a heating rate of 10°C/m in the tempera
ture range lOOK to 300K.

6.3 EXPERIMENTAL RESULTS

6.3.1 DC electrical conductivity measurements of pure
and doped (NH4)2Cr2O7

The dc electrical conductivity measurements
carried out in single crystals of pure and doped specimens

of (NH4)2Cr2O7 along c-axis in the temperature range 80K
to 435K are shown in figure 6.3a. The results obtained
were found to be very well reproducible for different samples



log o'(.r'\!c rfi] )

1*?

-8 _

"10

-12 ' I
-74 

_ I

‘ mO . N0 .. . . *—C. 4 Q ‘—Q-""

1 1 s 1  J, 1 _2 4 6 3 8 70
10/T

Figure 6.3a. Log 0" vs 103/T plot for amnonium dichromate
crystals. (1)—Q-0-0-pure, (2)"Q-0-O~SOZ_ doped



150

as well ens for different heatimg and cooling cycles. The
logs" vs 103/T plot obtained for pure and doped specimens
of ammonium dichromate shows three distinct Awshaped peaks

at temperatures 128, 156 and 269K respectively. These
anomalous changes in the conductivity plot divides the
entire temperature range into four distinct straight line
regions (Let us denote these regions as I, II, III and
IV in the decreasing order of temperature). The transitions

observed in pure (NH4)2Cr2O./. at 128 and 156K are quite
abrupt znui there is ini enormous increase III conductivity
observed at these points. Here the magnitude of the condu
ctivity rises to more than one order, while the peak obser
ved at 269K is less sharp and the increase in conductivity
is about cnua order of magnitude. IH: is observed that for
slower rate of variation of temperature the peaks are found
to be sharper. No measurable thermal hysteresis has been
observed in the transition regions. The activation energy
values obtained from the straight line regions are 0.72,
0.34 and 0.08 eV respectively, for phases I, II and III
in pure (NH4)2Cr2O7 (Since the IV phase» does not yield
measurable slope, no activation energy calculation has
been done).

ihi the higher temperature region time conducti»' a 0 ‘I: ‘, ‘_ W »- 2 Z _ 'v1tv' plots for ooth jpure emu: :Cp dopecz specimens Inerge
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together which indicates that the same electrical conduction
process are operative in both these materials. However,

in the lower ‘temperature region time conductivity cfif S04
doped specimens is approximately' one order cfif magnitude

less compared txn that ixl pure (NH4)2Cr207. No shift in
the transition temperatures were observed in doped specimens
in the range of doping concentrations used here. The acti. . . . 2- .vation energy values obtained in the case of SOA coped
specimens of (NHA)2Cr207 are- 0.73, 0.37 and. 0.085 eV
respectively for first three phases.

C‘ v: A -f~|  VJ,.‘.L..,.:  __,~>: 7,‘-f-: :1-‘r 7*. -.,.,Q..‘]..'? fv‘ ,,..~,-3)0-Q.-' vi. L‘¢‘\r .-C\.o\p¢_  rneasxAi_e>&£\pLLL-k) Q-LL
and doped (HH4)2Cr2O7

The an: electrical conductivity' measurements. ,_ . 2- ., . ,. ,
carried out in pure and S04 doped specimens or (Nd4)2Cr2O7

}..o .

U1

U1

D.
O
11
T-3

at 90 Hz in the temperature range 80K to 4352C
in figure 6.3b. The logC‘ vs 103/T plot shows three dist
inct variations at temperatures 128, 156 and 269K respecti

Q
o
w
(D

Q

volj 3&2 both pure znui (NH4)2Cr207 crystals. TheI - p- -- 0 I 0 , 2 —- -0 ° 'magnitude cm: conductivity 111 the Eflhl doped specimens is
found to be less compared to that in pure material. However,
the magnitude of ac conductivity is about one order of
magnitude higher than that of the corresponding dc condu
ctivity value in the whole temperature range studied here.
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6.3.3 Dielectric measurements

The dielectric constant measurements carried
out in single crystals of pure ammonium dichromate along
c-axis at 1. kHz ima the temperature range 80K tn: 300K is
shown in figure 6.3c. The plot gives anomalous variations
exactly at the same temperatures where the dc and ac condu
ctivity anomalies occur vi;., 128, 156 and 269K. The di
electric constant increases gradually from 5.2 an: 80K and
reaches a maximum value of 10.1 at 128K and decrease there

after as the temperature increases and attains another
maximum of 16.25 at 156K. As the temperature increases
the dielectric constant decreases and remains constant
at 6.2 upto 200K and then slowly increases and attains
a third maximum (12.8) forming a/\-shaped dielectric anomaly
at 269K. On further increase in temperature the dielectric
constant slowly increases and attains a value about 12.5
at room temperature. (X1 the cooling cycle no appreciable
deviation was observed in dielectric values from that
obtained in the heating runs and hence it is not shown
in figure 6.3c. Also, the <5ielectric constant values
obtained for 0.1 mole % SOi_ doped specimens of (NH4)2Cr2O7
do not deviate much from the values obtained for pure

(NH4)2Cr2O7 and hence they are not in the figure 6.3c.
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6.3.4 Ionic thermocurrent measurements

The ionic thermocurrent measurements carried

out in single crystals of pure (NI-I4)2Cr207 by polarising
the specimens at 300K with a field of 3 KV/cm for 5 minutes
are shown ix1 figure 6.3d. The ITC spectrum obtained with
a heating rate of 0.07 K/sec shows three distinct current

1

peaks at temperatures 130, 159.5 and 27lK- Let these peaks
be denoted as A, B and C in the increasing order of tempera
ture. The height of the peak B is twice that of A while
peak C is approximately the same magnitude as that of peak A
The peaks A and B are quite sharp whereas the peak C is

fairly broad- The height of the current peak is found
to be slightly increased with increase in the poling field.
However no change in magnitude has been observed for these
peaks with the change in poling. temperature and poling
time.

C 1‘   1  431  f_f‘_QQf-‘QT 0-Uadv.) 4./.-._.-_.§.-..\.¢a\--a.L |_.)\.,C.~5.;4.~¢&~J C<.....O..._......\......C

Figure 6.3e shows the DSC spectrum recorded

for pure (NH4)2Cr207 in the temperature range 100K to 300$
with a heating rate of 10°C/m. The spectrum obtained shows
three distinct variations in the heat flow at temperatures
close to the point where earlier electrical and dielectric
anomalies were observed.
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6 .4 DISCUSSION

The results obtained for pure and doped (NH4)2Cr2O7
from various experimental techniques employed, ii: is clear
that this material undergoes three anomalous variations at
temperatures 128, ]i%5 and 269K. Also there exists complete
agreement between ‘the dc and ac conductivity measurements
and dielectric measurements as far as the temperature corres
ponding tx> the anomalous variations are concerned. The shift
in the temperatures in ITC and DSC measurements is probably
due to the higher heating rates employed in these measurements.

Though the experimental results obtained for (NH4)2Cr2O7 from
the present investigations are in complete agreement with
results reported by Jaffray [17] from DTA and specific heat
measurements and Schuttle and Heyns from infrared studies
[16], no correlation has been observed from the results of
NMR spin lattice relaxation time measurements [18]. Again,
these earlier results could not explain the origin of the
observed anomalous variations in these materials occurring
at different temperatures. The transitions observed an: the
lower temperatures can in fact, be explained by considering
the nature of hydrogen bonding in this material.

The structure of (NH4)2Cr2O7 is monoclinic with
space group Cgh or Cih according to’ Gossner and Mussgnug
[20]. The determination of the ‘unit cell parameters from
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powder photographs (Cr-K radiation, A.a = 2.2909 1?.) gives
the following cell dimensions agreeing "well with Gossner's
and Mussgnug‘s values: a = 13.26 5., b = 7.54 ii, c = 7.74 I:

and IB= 93.2° with four formula units in the unit cell.
The crystal structure of (NH4)2Cr2O7 is shown in figure 6.4a.
The chromium atoms are surrounded by four oxygen atoms, situated

at the corners of a distorted tetrahedron. The Cr2O.7 group
is formed by the sharing of one corner oxygen atom by the

two distorted tetrahedra. The Cr—O4—Cr angle is 115° and
the Cr-Cr distance in the bridge is 3.2 g. The Cr-Cr distances

between different Cr2O7 groups are much longer being 4.8 K.
The stable arrangement of the Cr2Og_ group, consists of two
Cr atoms and the shared oxygen atoms. The strong distortion
of the dichromate group in the material is considered as due
to the formation of strong N-H—O bonds but the accuracy of

the NH4—O (or rather N—O) distances is so low that it is not
possible to decide whether this explanation is likely to be
true or not. It is highly probable that the NH4 tetrahedra
in (NH4)2Cr2O7 also are highly distorted to give distinct
orientations at lower temperatures where the lattice is found

to be more rigid as in the case of (NI-I4)2SO4 [21] and
(NH4)2HPO4 [22].

As observed in the infrared studies, the spectra
obtained below 268K phase transition point differs very little
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from that obtained an: room temperature. When temperature
is varied, a very broad band develops gradually in the region
1750 cm—l and 1600 cm_l and it splits into two weak broad
bands at 1720 cm-1 and 1650 cm_l below this transition point.

It is also observed that the jg band of the NH4 ion also becomes
more assymetric on the high frequency side as the temperature
decreases below 268K. On further decrease in temperature
below 155K just below the second phase transition a definite

shoulder appears 111 the infrared spectrum at 1480 cmfJ' (lga)
and a change in intensities of the Cr20%- bands is observed.
As the temperature decreases below the phase transition point

at 128K, the 875 cm-'1 band of the Cr207 ions is split into
two components at 868 cm_l and 878 cm-'1 and abrupt changes

occur in the intensities of some of the Cr20%_ absorptions.
From these experimental results it is concluded that NH; begins
to execute free rotations (as observed in NH4I [23]) at and
above 128K. At lower temperatures because cflf the hindrance
to the rotational motion and change- in the torsional mode
different variety of orientations are taking place. The dist

orted NH4 ions are expected to possess a significant electric
dipolemoment. The high value of dielectric constant observed
at temperatures 128, 156 and 269K can be attributed to the

dipolar contribution to dielectric constant of (NH4)2Cr207
as a result of motional effect of NH; ions. This is in accord
ance with time results of DMHZ investigations. Similar effects
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have been found to occur in ammonium sulphate [24], diammonium

hydrogen phosphate [22] and in ammonium dihydrogen phosphate

[25]. A detailed study of NMR measurements and low tempera
ture structural studies preferably with neutron diffraction
will be required to gun: a better understanding of the nature
of reorientation of the various ion groups in this material.

As already discussed in chapter III the mechanism
of electrical conduction in the material can also be explained
by considering the nature of defect phenomena generally obser—
ved iJ1 crystals containing ammonium <groups. In crystals
containing ammonium groups, the types of defects usually obser—
ved are normal ionic, electronic and protonic defects. The
contribution to the electrical conductivity by the NI-IE and
Cr2O§ group and their vacancies can be neglected in consi
derations based on their sizes.

From the experimental results obtained for pure
and doped material, it has been suggested that the conduction
mechanism in the region is predominantly due to the cation
vacancies created by thermal generation of the detached
ammonium groups in this material or due to "the <generation
of protonic defects. The activation energy values obtained
in the phase I, for pure and doped material clearly show that
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electrical conduction mechanisms are responsible in this region
for both kind of crystals.

The lower value of conductivity observed in the

case of S03‘ doped specimens of (NH4)2Cr2O7 can be explained
by considering the nature and role of SO: ions in the (NH4)2Cr2O7
lattice. when a divalent anionic impurity is substituted
in an ionic crystal like (NH4)2Cr2O7, the charge compensation
is generally accQmplishQd by the creation of anionic vacancies

in time host lattice. Since III the (NH4)2Cr2O7 lattice, the
size- of the ‘anions are fairly large compared ‘with that <of
the impurity ions, the probability of the migration of inter
stitialss as well as vacancies is less likelyu Therefore,
the SOi_ ions form complexes with only the mobile ions viz.,
hydrogen associated with the NHZ groups in (NH4)2Cr2O7.
Complexes thus formed are pmedominantly HSO; ions which have
lesser mobility; Thus it is clear that the reduction in the
magnitude of conductivity at lower phases can be ‘due to the
formathmi of these complexes provided the dominant mechanism

of electrical conduction is by migration of interstitial
hydrogen ions. The experimental results reveal that the above
mechanism is operative in phases II and III causing a signi
ficant reduction in the magnitude of conductivity compared

to that in pure (NH4)2Cr2O7. At fairly high temperatures pro
bably the dissociation of these complexes can also affect
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the electrical conduction process in this material and in
this region one can hence expect a higher value for 6*.

As already indicated (NH4)2Cr2O7 undergoes phase
transitions at different temperatures due to free rotation
and hindered rotations of the NH4 ions. This gives rise to
free charge carriers, causing ea corresponding peaks ixm the
ITC spectrum. Thus the observed peaks in the ITC spectrum
attributed to the space-charge formation at the phase transition
points. As these peaks are rather sharp they are not likely
to be due to reorientation of any I—V dipoles. This result
is a further confirmation that ITC measurement is a sensitive
technique for the detection of a phase transition in solid.

6.5 CONCLUSIONS

The dc and ac _conductivity, dielectric constant
ionic thermocurrent and DSC studies carried out in single
crystals of pure and doped (NH4)2Cr2O.7 along c-axis in the
temperature range 80K to 435K give the following conclusions.

1. The dc and ac electrical conductivity and dielectric
constant measurement show anomalous variations at temperatures

128, l56 and 269K corresponding tn) three _phase transitions
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A small shift in transition temperatures were observed in
the ionic thermocurrent and DSC studies.

2. The shift zhi the ‘transition temperatures» observed
in ITC and DSC studies could be due to the higher heating
rates employed in these techniques.

3. The transition observed in this material at differ
ent temperatures could be éhua to free rotation, reorientation

and ‘hindered internal rotation of line NH4’ groups ix: these
materials.

4. The activation energy values obtained ixx phase I
in both pure and doped (NH4)2Cr207 indicate that the electrical
conduction mechanism in this region is predominantly due to
protons.

5. The higher magnitude of conductivity observed in
ac measurements compared to that zhi dc measurements is pro
bably due to the additional component of polarization current
in the ac measurements.

6. The activation energy values obtained from the
straight line regions of the phases I, II and III are 0.72,
0.34 and 0.08 zmui 0.73, 0.37 and 0.08 respectively for pure

and doped (NH4)2Cr207.
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Chapter VII

PI-IOTOACOUSTIC STUDIES ON PHASE TRANSITIONS IN

(NH4)2 Cr2O7 AND NH4H2PO4

Abstract

The design and fabrication of ea resonant photo
acoustic cell :flm: the amplitude anui phase measurements of
photoacoustic signal over a wide temperature range is descri
bed. With this set up the sample can be cooled down to
80K without affecting the microphone performance. The cell
calibration procedures have been evolved and the performance
of the cell has been evaluated. The feasibility and sensiti
vity cflf this photoacoustic system for time in situ studies
of phase transitions in solids have been demonstrated by

carrying out EU; investigations"iJ1 (Nh4)2Cr2O7 and ixl
NH4H2PO4 as a function of temperature.
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7.1 INTRODUCTION

The photoacoustic or optoacoustic effect was dis
covered by Alexander Graham Bell in 1890 [1-3]. He found
that a periodically interrupted light beam impinging on a
solid generates a sound wave in the gas above the solid. This
generated a flurry of activity for a year or so which included
work by Tyndall [4,5], Rontgen [6] and Lord Rayleigh [7].
The field was dormant until 1938 when Veingerov [8] in Russia
made a spectrophone for the study of gases. This work was
generally ignored until after world war II, when some sporadic
gas studies were made. with the technical developments of
sensitive electret condenser microphones, intense laser light
sources, and commercial lock—in amplifiers, it became possible
to build viable PA spectrometers. Kreuzer [9,lO] used photo
acoustic methods to detect trace pollutants in gases.
Harshbarger and Robin [ll] review much of the gas phase work.
In recent times ‘Rosencwaig [12,13] was the first tx> apply
photoacoustic spectroscopy (PAS) to solids. A number of review
articles has covered subsequent work [14-18] in this area.

Several theoretical models- have been developed to
explain the photoacoustic signal observed from solids. The
first was by Parker [19] which was later given further refine
ments [2O]. Next Rosencwaig and Gersho [21] presented the
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most widely used theory which assumes that the PA sdgnal
is generated solely by periodic heat flow from the sample

I

to the gas. Bennett and Forman [22] gave a theory for
nearly transparent sample based on linearised hydrodynamic
equations which included both acoustic and thermal diffu
sion terms. Bennett claims that the acoustic term is domi—

nant in the intermediate frequency range which is the ome
currently encountered experimentalLy. McDonald and Wetsel
[23] have extended the Rosencwaig—Gersho theory to include

mechanical vibration of the sample. This is particularly
important for liquid samples. They present three versions
of the theory. The complete coupled equations for acoustic
wave motion and thermal diffusion are presented and solved
numerically. Since each its based (N1 somewhat. different
assumptions and conditions the philosophy of this work
has been txn insert relevant parameters into computer pro
grams which calculate the photoacoustic (PA) signal based
on each theory and compare the results with experiment.
These computer programs calculate the theoretical PA signal
amplitude and phase with respect to the lock-in amplifier
reference signal as a function of chopping frequency.

Since the generation and propagation of thermal
wave in ea sample depend critically (N1 the 'thermoelastic
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and other physical properties, a detailed analysis of the
amplitude and phase of the PA signal enables one the deter
mination of properties like thermal diffusivity, specific
heat, thermal conductivity and phase transitions. This
ensures the possibility to carry out non-destructive testing
of samples which possess defects. Since the PA signal is
determined kqr the characteristics cflf thermal propagation
within the sample, it is possible to evaluate the thermal
properties of a sample with great accuracy [24,25]. Also,
the study of thermal wave propagation through the various
layers cflf the sample provides the values of thermal pro
perties of the sample in a non-destructive fashion. Using
RA technique, thermal diffusivities cflf glass, metals and
various polymer samples have been determined precisely
and such measurements provide the absolute values of thermal

diffusivity of samples as a function of temperature. Since,
the thermal parameters of a material generally vary when
the material undergoes phase transition, monitoring the
PA signal as ea function. of "temperature should provide
information cum the occurrence and characteristics of phase
transitions. This method has been recently revived as
a very useful technique for the spectroscopic investigation
of samples where conventional optical absorption and refle
ction spectroscopy cannot kue used. The first attempt to
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study phase transition employing the PA effect was by
Florhmn et al. [26] who studied first order phase transi
tions. Although there have been a number of papers [27-30]
on this topic, a quantitative evaluation in terms of the
predictions of the Rosencwaig-Gersho theory has been
attempted only in certain specific cases.

In the present chaptery a detailed description
of ea resonant photoacoustic cell designed auui fabricated
for time temperature varying studies anui phase transitions
in solids have been presented. We also describe the complete
characterisation of the cell by using a thin layer of carbon
black which has well known thermal properties. By explor
ing the dependence of photoacoustic signal on the thermal
properties of the sample, we demonstrate experimentally
the usefulness of the pmotoacoustic effect for investi
gating phase transitions in solids. Specific studies have

been made in the case of (NH4)2Cr2O.7 and NH4H2PO4 single
crystals.

7.2 EXPERIMENTAL DETAILS

7.2.1 Photoacoustic cell for phase transition studies

The two type of cell designs has principally
been used JU1 photoacoustic spectroscopy. They are
(l) Resonant cell, and (2) Non-resonant cell.
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In the present photoacoustic system which is
a Helmholtz resonant cell [31], the microphone is separated
from the sample chamber by a long narrow tube. Such a
cell shows acoustic resonances at frequencies which are
well within the frequency range used in photoacoustic experi
ments. This type of PA cells are very convenient for use
in temperature varying studies. CH1 the~ other' hand, in
the non-resonant photoacoustic cell the microphone is located
in close proximity of the sample [31]. To reduce the
spurious signals it is protected from direct illumination.
Non-resonant cells are operated at frequencies much below
that of time cell cavity. The frequency response of these
cells most closely follows the predictions of the Rosencwaig
Gersho theoretical model [21].

The resonant photoacoustic cell described here
has been constructed with a view to get high sensitivity
and to expand the operating ranges for temperature and
frequency specifically for the study of phase transition
in solids.

A schematic diagram of the low temperature photo
acoustic cell is shown in figure 7.2a. The whole PA cell
is kept within a main chamber. This main chamber enclosing
the photoacoustic cell has the same form as that of the
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chamber used for the study of electrical properties as
discussed in chapter II. This chamber is sealed by two
MS flanges fixed at the top and bottom by using neoprene
O-rings. Four window ports are provided to the main chamber
for the following uses.

1. For connecting rotary pump for evacuating the chamber
to minimise the background noise level and to avoid
the condensation of moisture on the window adjacent
to the sample.

2. To let iJ1 the light beams for tflua optical excitation
of the sample for the photoacoustic measurements.

3. To observe whether the sample is undergoing any physical
changes (such as cracking) with the temperature.

The samsple its kept in ea cylindrical cavity of
inner diameter 7 mm and depth 7 mm and made out of copper
which is chrome plated. This cavity is sealed onto the
cell body with ea copper flange using indium O-ring. The
copper flange its provided with ea highly polished circular
glass plate which is fixed on to it using Araldite. The
sample is maintained in the cavity by inserting a concentric
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SS hollow cylinder with a transverse opening which is
directed towards the microphone chamber. The rear side
of the sample cavity is threaded and it is screwed to a
cold finger provided with heater windings (6OW) used for
heating the sample. The cold finger is permanently joined
to an SS tube through an L—joint such that the sample cavity
is pointed towards one of the window ports. The length
of the SS tube is adjusted such that the centre of the
sample cavity is on the axis of the window ports. The
top end of the SS tube is permanently fixed to an MS flange
which is vacuum sealed to the top flange of the main chamber
using neoprene O—ring and allen screws. The temperature
of the sample is monitored by inserting a chromel alumel
thermocouple on the rear side of the sample cavity by dril
ling 1 mm bore on the PA cell assembly. The tube which
connects the sample chamber and the 'microphone chamber
is made out of stainless steel and has a bore of l mm and
a length of l9 cm. The microphone is mounted on the top
of the microphone chamber and the assembly is attached
to the top flange of the main chamber. The electrical
connections to the heaters, thermocouples and, microphone
biasing are made through teflon insulations fixed on the
top of plate of the chamber. The PA signal is taken out
using a BNC connector fixed on the top plate. A photograph
of the PA cell thus fabricated is shown in figure 7.2b.
The photoacoustic cell has the following advantages.
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l. The cell can be used for phase transition studies in
the temperature range 80K to 350K.

2. Since the outer part of the PA cell assembly is evacuated
the system is virtually immune to ambient noise level.

3. The liquid nitrogen consumption needed for cooling the
sample to the low temperature (80K) is found to be very
small for a single cycle of operation.

4. The major advantage of the PA cell is its simplicity
of construction and extremely good temperature stability.

7.2.2 Calibration of the PA cell

The experimental set up used for the PA measure
ments its already' shown ixm chapter II. For calibration
of the cell 2 MW He—Ne laser was used as the light source
The laser beam was chopped by a mechanical chopper. An
electret microphone together with ea lock—in amplifier was
used for the PA signal detection. The PA cell calibration
was carried cum: with carbon black (prepared :from soot)
as the reference. The calibration of the PA cell has been
done by measuring the photoacoustic amplitude: and "phase
as a function of temperature or as function of chopping
frequency at a constant temperature.
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7.2.3 Preparation of the samples for photoacoustic
investigation

The photoacoustic measurements on ammonium di
chromate, were carried out with pressed powder samples
obtained after three times recrystallisation whereas the
measurements on ammonium dihydrogen phosphate were carried

out with single crystals grown from solution . Disc shaped
specimens of typical dimensions 7 mm diameter and thickness
ranging from 0.1 mm to l mm were used for the photoacoustic
measurements. A He-Ne laser (7\= 632.8 nm) of lO mW power
is used as the source of illumination.

7.3 EXPERIMENTAL RESULTS

7.3.1 Response characteristics of the cell

Figure 7.3a shows the dependence of the PA signal
(both amplitude and phase) as a function of temperature,
at ea modulation frequency 70 Hz. IH: is observed that the
amplitude of the PA signalincreasesvdth decrease in tempera
ture whereas the phase increases with rise in temperature.
Figure 7.3b shows the frequency response of the PA ampli
tudes at temperatures 100, 120, 200, 250 and 3OOK. The
signal amplitude versus chopping frequency was measured
in the frequency range 30-lOOO Hz. The phase of the photo
acoustic signal gets automatically adjusted txa give the
maximum amplitude where an wautoranging lock—in amplifier
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(EG&G Model 5208) is used. IH: is observed that the fre
quency versus amplitude shows a resonant peak at 630 Hz.
It is also observed that the resonant peak is shifted to
the lower frequency values and ea considerable enhancement
of the photoacoustic signal occurs as the temperature
decreases from 3OOK to 80K.

7.3.2 Photoacoustic measurements on (NH4)2Cr2O7 and
NH4H2PO4

The photoacoustic studies carried out in

(NH4)2Cr2O7 pressed pellets in the temperature range 80K
to IMMH< are shown ixm figure 7.3c. The recorded response

obtained with a chopping frequency of 70 Hz (without adjust
ing the phase) shows three distinct anomalous variations
in the photoacoustic amplitude at temperatures 128, 156
and 269K. The magnitude of the PA signal is found to be
small for the variation at 268K and maximum for the varia

tion at 156K. Figure 7.3d shows the variation of the phase
angle with temperature. Here also, the photoacoustic phase
shows three distinct variations around 128, 156 and 268K.

The PA measurement carried out in single crystals

of NH4H2PO4, the front surface(perpendicular to c—axis)of which
was coated with carbon black,with a chopping frequency of 7O Hz
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is shown in figure 7.3e. IH: is observed that the photo
acoustic signal drastically changes (reduced) at 148K
corresponding txn a phase transition known to occur in this
material. The change in absolute magnitude of the PA signal

is about 235 NV from its room temperature value. The
phase angle plotted against temperature for this material
is shown in figure 7.3f. Here the phase angle slowly rises
and reaches a maximum and then decreases as the temperature
changes, forming a peak at 148K.

7 .4 DISCUSSION

The resonant frequency of a resonant PA cell
is given by the relation

.Lon v. + v. 2f = ——— a  (7.1)
Zfif \/‘V, (L.+l-71>)

Here C is the velocity of the acoustic wave at room tempera

ture, D the <diameter" of the interconnecting channel, V1
the volume of the sample cavity, V2 the volume of the micro
phone cavity and I; the length of the interconnection tube.
By substituting the known values, the resonant frequency
calculated was found to be 672 Hz. The theoretical value
is in ‘reasonably' good agreements ‘with time experimentally
observed value. From equation (7.1) it its evident "that
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the low temperature behaviour of the cell be principally
related to the decrease in the velocity of the acoustic
wave upon the reduction in temperature. As a result, the
resonant frequency is to be reduced as the temperature
decreases ‘from 3OOK to 80K. The increase of the photo
acoustic amplitude with decrease in temperature can be
attributed to the temperature dependent parameters of the
gas in the PA cell.

Rosencwaig and Gersho [21] have shown that for
an optically opaque and thermally thick sample the photo
acoustic signal. is independent of tfiua optical. absorption
coefficient and can be written as '

Q = A  (7.2)
[Cs(T) K5(T)]%

where A is the conversion coefficient representing all
the factors, independent of the temperature T, in the gene
ration of the PA signal The function f(T) accounts for
all the thermal properties of the cell and internal gas
and Cs(T) and Ks(T) are the specific heat at constant
pressure and thermal conductivity of the sample respectively.
It follows from the above equation that by varying tempera
ture, the photoacoustic signal should exhibit a sudden
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change at a phase transition as the specific heat jumps
at the transition temperature.

Indeed, the experimental results of the tempera
ture dependence of the PA signal obtained for both

(NH4)2Cr2O7 and NI—I4H2PO4 samples clearly show that these
materials undergo phase transitions at temperatures men
tioned and the PA technique is a good method for the
detection of these transitions.

As indicated in the infrared measurements [32]
the transition at 269K in AD appear to be the result of
the onset of free rotation of the NI-14 group. Below this
temperature it is most likely that the NH4 group may be
executing hintered internal rotations. Thus between 156

and 269K one may assume that the NH4 tetrahedra in AD is
in partially disoriented form. The doubling of the U4
vibrational mode of NI-I4 group in the infrared spectrum
could be the result of crystal field splitting due to non

equivalent NH4 group arising from different orientations.
Most ammonium crystal lattices become very rigid at lower
temperatures. It is very likely that this can distort
the NI-14 tetrahedra or Cr2O7 group below 128K. Thus the
last of the transitions at lower temperature could be the
result of a structural change taking place in the crystal
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at this temperature. X—ray or neutron diffraction analysis
could throw':more light cn1 the structure cflf the crystal
below this transition. The present results offers enough
justification for making diffraction studies below 128K. The
transitions in ADP crystals are well studied [_33-35], The
present results obtained with PA technique completely confirm
the earlier observations in this case.

7.5 CONCLUSIONS

The results obtained from gflmmoacoustic measure
ments carried out in ‘the ‘temperature range 80K in) 3OOK
lead to the following conclusions.

l. A resonant photoacoustic cell has been designed
and the response characteristics are evaluated.

2. Anomalous changes have been observed in PA signal

at 128, 156 and 269K in (NH4)2Cr2O7 and at 148K in (NH4)H2PO4
corresponding to different phase transitions occurring
in these materials.



7.6

[l]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[ll]

[12]

[13]

[14]

202

REFERENCES

A.G.Be11, Am.J.Sci. 20 (1880) 305.

A.G.Be11, Proc.Am.Assoc. Advancement of Science. 29
(1880) 115.

A.G.Be1l, Phil.Mag. 11 (1881) 510.

J.Tyndal1, Proc.Roy.Soc.London. 31 (1881) 307.

J.Tynda11, Proc.Roy.Soc.London. 31 (1881) 478.

W.C.Roentgen, Phi1.Mag. 11 (1881) 308.

Rayleigh, Nature 23 (1881) 274.

M.L.Veingerov, Dok1.Akad.Nauk SSSR. 19 (1938) 687.

L.B.Kreuzer, J.App1.Phys. 42 (1971) 2934.

L.B.Kreuzer and C.K.N.Pate1, Science 173 (1971) 45.

W.R.Harshbarger and M.B.Robin, Accounts of Chemical
Research 6(1O) (1973) 329.

A.Rosencwaig, Opt.Commun. 7 (1973) 305.

A.Rosencwaig, Science 181 (1973) 657.

A.Rosencwaig, Phys.Today 28(9) (1975) 23.



[15]

[16]

[l7]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

203

A.Rosencwaig, Anal.Chem. 47(6) (1975) 592A.

A.Rosencwaig, Rev.Sci.Instrum. 48 (1977) 1133.

A.A.King and G.F.Kirkbright, Laboratory Practice 25(6)
(1976) 377.

A.Rosencwaig, 1J1 "Advances ima Electronics anui Electron

Physics", L.Marton (Ed.), Academic Press, New York, 1978,
Vol.46, p.207.

J.G.Parker, Appl.OptiCs. 12 (1973) 2974.

L.C.Aamodt, J.C.Murphy and J.G.Parker, J.Appl.Phys. 48
(1977) 927.

A.Rosencwaig and A.Gersho, J.Appl.Phys. 47 (1976) 64.

H.S.Bennett and R.A.Forman, J.Appl.Phys. 48 (1977) 1432.

F.A.McDonald and <S.C.Wetsel,Jr., J.Appl.Phys. 49 (1978)
2313. v

K.O.Park, S.I.Yun and C.S.Sol, New Physics, (Korean
Physical Society) 3 (1981) 183.

Andre] Lacharine and Patric Poulet, App1.Phys.Lett. 45
(1984) 953.

R.Florian, J.Pelzl, M.Rosenberg, H.Vargas and R.Wernhardt,

Phys.Status Solidi (a) 48 (1978) K35.



[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

204

C.Pichon, M.Le Libonx, D.Fournier and A.C.Boccara, Appl.
Phys.Lett. 35 (1979) 435.

P.Korpiun, J.Boumann, E.Lusher, B.E.Papamoko and
R.Ti1gner, Phys.Status Solidi (a) 58 (1980) K13.

P.Korpiun and R.Tilgner, J.Appl.Phys. 51 (1980) 6115.

P.S.Bechtho1d, M.Campagna and T.Schober, Solid State
Commun. 36 (1980) 225.

A.Rosencwaig, "Photoacoustic Spectroscopy of Solids",
Rev.Sci.Instrum. 48 (1977) 1133.

C.J.H.Schuttle and A.M.Heyns, Chem.Phys.Lett. l (1967)
487.

R.Ueda, J.Phys.Soc.Japan, 3 (1948) 328.

L.Tenzer, B.C.Frazer and R.Pepinsky, Acta.Cryst. 11 (1958)
506.

C.C.Stephenson and A.C.Zettlemoyer, J.Am.Chem.Soc. 66
(1944) 1405.

E.Wiener-Avnear, S.Levin and I.Pe1ah, J.Chem.Phys. 52
(1970) 2891.



Chapter VIII

IONIC THERMOCURRENT STUDIES IN PURE AND DOPED NaClO3 CRYSTALS

Abstract

An evaluation of the ionic thermocurrent technique
has been performed by monitoring the relaxation of divalent
impurity—cation vacancy dipoles formed from various divalent
cationic impurities incorporated into the monocrystalline sodium
chlorate. The observations have been compared with the pre
dictions based on the relaxation of a nearest neighbour impurity—
vacancy dipole model. The results obtained from these measure
ments show that the activation energy' for' the reorientation
of impurity-vacancy dipoles is strongly depending on the ionic
radius of the dopant ion and it is found that the activation
energy increases xmhfli the increase ima the ionic radius. The
kinetic parameters are evaluated and the results obtained are
discussed in detail.

205



206

8.1 INTRODUCTION

At room temperature, NaCl03 monocrystals have non
centro symmetric cubic structure of tetrahedral class given

by the space group T4(P2l3) with four formula units per primitive
cell [1]. The peculiar structural configuration of C103 group
in the NaCl03 where oxygen atoms are arranged on an equilateral
triangle vdifia the chlorine atom located only 21 short distance
(O.-481:) above the plane and centre of gravity of the oxygen
atoms, markedly affect the thermal behaviour cflf this material
[2]. There has been considerable amount of work in this mater
ial, perhaps because it grows easily from solution and shows
interesting properties like optical activity and piezoelectricity
Several properties of this crystal such as thermal expansion
[2] elastic constants [3,4], optical properties [5,6], vibra
tional spectral analysis [7,8] and ndcrohardness [9] have been
studied in great detail. The dielectric constant of this mater
ial has been measured at l KHz by Mason [2] in the range of
temperature -100°C tun 200°C. Measurement of static dielectric
constant has been reported by IBechmann and Taylor [10], but
the details regarding the frequency and temperature are not
available. However, it is known that the presence of impurities
in minute quantities cn: defects ‘will show 13> as increase in
the dielectric constant at low frequencies. This frequency
dependence is chm; to the space charge polarisation. But at
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certain higher frequency range, the dielectric constant becomes
frequency independent and time effect of defects and impurities
is negligible [11,12]. Ionic conductivity cflf single crystals
of sodium chlorate as a function of temperature was reported
by Ramasastry, Viswanatha Reddy and Murthy [13]. The measurements

extended in time temperature range 70 txa 250°C inferred that
the charge transport was by the mechanism of cation vacancy
migration iJ1 the low temperature (structure sensitive) region.
But the defect parameters such as the jump and formation energies
could not be obtained as the energy of association between the
aliovalent impurities and the charge compensating defects was

not known. However, their measurements on NaClO3 crystals con
taining divalent cationic impurities show that the increase
of conductivity is due to the creation of positive ion vacancies
or negative itnx interstitials, either of vflflxfim can compensate
the excess positive charge of the added divalent cationic impu
rity in place of sodium to satisfy the electrical neutrality
condition.

Ionic thermo current (ITC) measurements have recently
become accepted as an ideal technique for studying the dynamics
and thermal behaviour of immmrities ixx a crystalline lattice.
hi the case cnf substantial concentrathmi of divalent impurity
ions ix! normal ionic solids, like alkali halides, halates and
in crystals with fluorite structure, the compensation, process
is accomplished by the generation of equal number of lattice
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vacancies or interstitial host ions depending on the nature
of the added impurity [14,15]. Due to coulombic attraction
these vacancies generally take nearest neighbour or next near
est neighbour positions in the lattice with respect to the
added impurity ion thereby forming impurity—vacancy (I—V)
complexes. Such I—V complexes are invariably dipolar in nature
and usually they oriented in random directions. However, in
an external electric field a major part of these complexes
will be aligned in the field direction, provided sufficient
amount of thermal activation does take place. On cooling

r

with the field, all the oriented dipoles get frozen—in and
they continue to remain in the oriented condition even when
the field is removed as their relaxation times are of the
order of several hours. On warming the specimen at a constant
heating rate, it gives rise to the characteristic ionic thermo
current spectrum with distinct current peaks resulting from
the randomisation process of I-V dipoles [16]. The mathematical
expression representing the ITC peaks is given by the first
order kinetic equation

E ':_€-_, ~'I(T) = -4352 2,7‘-/D "'  C

+

‘m \\‘§

s\\\
$5

where A is the area of cross—section of the specimen, qfo
is the characteristic relaxation time,j3 is the constant heating
rate and PO is the maximum amount of polarisation possible
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at temperature To given to a first approximation by Langevin's
equation [17],

2

f% ': 'MD/L E(3/<7-' (8.2)
where ND is the concentration of dipoles

E — the local electric field

}i— the dipolemoment.

A detailed study of the ionic thermocurrent spectrum yields
valuable information on the relaxation process of such I—V
complexes.

IU1 the present chapter EH1 exhaustive investigation

carried out in single crystals of pure and doped NaClO3 using
ionic thermo current technique is presented. This presumably,
is the first attempt of an ITC investigation in an alkali
halate crystal. Investigations have also been extended to
study the effects of dopant concentration/poling temperature,
poling field and polarising time and heating rate on the

ITC spectra of doped NaClO3 crystals.

8.2 EXPERIMENTAL DETAILS

Single crystals of pure NaClO3 can be conveniently
prepared by slow evaporation of a saturated solution in
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petri dishes. NaClO3 doped with Ca2+, Sr2+, Pb2+ and Ba2+
impurities» can be grown by slow evaporation of a lnixture

of the saturated solution, of 'NaClO3 ‘with small quantities
of corresponding halates solution ima different proportions.
These crystals cannot be cleaved. Fortunately they grow
as rectangular parallelepipeds with sharp edges between
adjacent faces mutually inclined at right angles. Specimens
of typical sizes 5x5x1 mm3 cut from large single crystals
with their broad faces parallel to the <lOO> éfirection were
used for the investigation. Electrical contacts wanna made
using aluminium electrodes evaporated on to the broader faces
<mf the crystal. The details of the cmyostat used for the
ITC measurements under vacuum conditions have been already
described in Chapter II. A linear heating rate ranging from
0.0l to C.l K/sec have been used in the temperature range
used here. The thermocurrent generated knr the sample was
measured using Keithley model 617 programmable electrometer
and recorded along with the temperature on the X-Y recorder.

8.3 EXPERIMENTAL RESULTS

8.3.1 Effect of impurity concentration on ITC spectra

The ionic thermocurrent spectrum for pure NaClO3
single crystals along (100) direction obtained by polarising
the specimen with a field of 2 kV/cm at 303K for 5 minutes
with a heating rate of 0.07K/sec is shown in figure 8.3a.
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The spectrum obtained in the temperature range 80 to 450K shows
a broad current peak with a maximum at 402K. It is observed

that the temperature corresponding to the current maximum (Tm)
is found to remain independent of the poling field and poling
time, where as it is slightly affected by the change in pola
rising temperature. The ionic thermocurrent spectra obtained

for NaCl03 doped with four different divalent cationic impurit—
ies viz., Ca2+, Sr2+, Pb2+ and. Ba2+ for three different con
centrations (l00, 250 and 500 ppm) at 303K for 5 minutes with
a heating rate of 0.07 k./sec are shown in figures 8.3b to
8.3e. The spectra obtained for the doped NaCl03 crystals shows
two distinct current peaks of varying magnitude in all the
four specimens. Let us denote these peaks as A and B in the
increasing order of temperature. The peaks observed below
room temperature i.e., peaks A, are fairly sharp in nature
and the peaks observed above room temperature are much broader

in all the doped specimens of NaCl03. It is observed that,
the temperature corresponding to the current maxima's for peaks
A and B is different for different impurity doped specimens.

Table l gives the different Tm values obtained for the two
peaks A and B in each of the four different impurity doped

specimens of NaClO3.
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Table 1 The various Tm values obtained for peaks A and
B for different impurities in NaClO3 crystals

219

Sample Peak A
T (K)

m

Peak B
T (K)

m

NaClO3: Ca 2+

NaClO3: Sr2+

NaClO3: Pb2+

NaClO3: Ba2+

201.0

205.0

208.5

218.0

391.0

403.5

405.0

409.2
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Activation energies and pre-exponential factors
calculated for the various impurities doped
NaClO3 crystals

Impurity Ion Activation
energy
E (eV)

Pre-exponential
factor

’fg (sec.)

Ca2+

Sr2+

Pb2+

Ba2+

-90.43 l.95xl0
-100.46 5.65xl0

-100.47 5.2xl0
-ll0.54 3.6xl0
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The height of the peaks A and B in all the four differ

ent impurity doped NaClO3 crystals is found to exhibit definite
increase with impurity concentration for fixed values of poling
field, poling time auui polarising temperature. The plots of

loglo I(T) vs 1?]' for the low temperature tails of the peaks
A for all the doped specimens with fixed impurity concentra

tion (250 ppm) give four straight line regions with different
slopes as shown in figure 8.3f. By making use of equation
(8.1) after eliminating the integral term, the activation
energy values and the pre-exponential factors obtained are
shown in table 2. The variation of activation energy with
ionic radii is shown in figure 8.3g. It is observed that,
the activation energy increases with increase in ionic radius.

8.3.2 Effect of poling temperature

To study the effect of poling temperature on the
nature of the ITC peaks, the samples were polarized at differ
ent temperatures for a poling time of 5 minutes and then quenche
to liquid nitrogen temperature, which itsaa method similar to
the ‘usual thermal peak cleaning technique. The IUM2 spectra
for doped (250 ppm) samples polarized an: 260, 300, 370 and
430K with a poling field of 35 KV/cm are shown in figure 8.4h.
It is found that the sample polarized at 260K shows a maximum
height for the peaks A and minimum for peaks B in all the four

d
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different impurity doped specimens, whereas for higher poling
temperatures, the height of the peaks B increases at the expense
of the peaks A. It is also found that the temperature corres
ponding to the current maxima for peaks A is unshifted by this
process. The temperature corresponding to the current maxima
for peaks B is found to be shifted to the higher temperature

in all the doped NaClO3 crystals.

8.3.3 Effect of poling field

Figure 8.3i shows the variation of the height of the
peaks Ix obtained for time four different impurities doped

(250 ppm) specimens of NaClO3 as a function of polarizing field.
It is found that all the four specimens show a linear variation
throughout the range l-6 KV/cm and for very high field strengths
( IOKV/cm) they show saturation effects. Figure~ 8.3j shows
the variation of the peak height with poling field obtained
for the different impurities doped NaC1O3 crystals in the case
of peak B. they show drastic saturation effects in the range
1-6 KV/cm. It is also found that the temperature corresponding
to the current maxima for both the peaks in all the four differ

ent doped specimens of NaClO3 is unaffected by this process.

8.3.4 Effect of poling time

It is well known that the ionic conductivity" and
the polarization are extremely sensitive to thermal treatments
like annealing or quenching. The study of ITC measurements
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of samples containing a fixed amount of impurity ion by varying
poling time, while keeping the pmdarizing field constant, can
yield valuable information regarding the behaviour of the ther
mally generated defects cni the electrical conduction process.
Figure 8.3k and 8.31 show the variation of the current maxima
for peaks A and B for the four different impurity doped speci

mens of NaClO3 for a fixed poling field (3.5 KV/cm) as a fun
ctbmi of poling time. The magnitude of tjuf peak current
increases gradually for both A and'B peaks in all the doped
specimens as the pmling time increases from l ix: 10 minutes.
This effect is found to be more pronounced at higher poling
temperatures and for higher impurity concentrations.

8.3.5 Effect of heating rate

The measurement of the effect of heating rate on
the height of the current peaks obtained for the doped speci

mens of NaClO3 shows that for higher heating rates, the tempera
ture corresponding tx> the current. maxima shifts slightly to
the higher temperature region and the magnitude of the peak
current increases with the heating rate for both the two peaks.
However, the total integrated charge for these peaks is found
to be unaffected by the change in heating rate.
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8.4 DISCUSSION

It is obvious from the nature of variation of the

current peak observed in pure NaClO3 crystals and from its
behaviour towards various experimental parameters that the
high temperature current peak Zn, does not originate from the
I+v complexes. IN: is presumably due tx> the release of ionic
space charges accumulated during the polarisation process at
the poling temperature due to the formation of charge carriers

by the inherent impurities present in the NaClO3 material.
Since even the pure material contains inherent impurities of
the order of 10-6 molar fraction these impurities play a major
role in giving rise to this current peak in the ITC spectra
of pure NaClO3. On the other hand, the two distinct peaks
occurring in the ITC spectra in the case of doped specimens
have entirely different characteristics. Here the integrated
charges vary in accordance with the impurity concentration._
The activation energy value as well as the temperature of the
current peaks depend cum the type of impurity added. Hence one
may attribute them directly to the presence of impurities added
into the crystal.

It is well known [l8—24] that by the suitable addi
tion of divalent cationic impurities, vacancies and interstitials
can be created. Therefore, it is possible to create lattice
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vacancies associated with impurity ions in which they form
complexes and higher agglomerates. Both free charge carriers
and complexes cause ITC peak in polar crystals.

As already reported by Ramasastry' et al. [l3,25],
when divalent cationic impurities like Ba2+, Ca2+ are substi

tuted in monocrystalline NaClO3, the condition for electrical
neutrality requires that positive ion vacancies an: negative
ion interstitials should be created and these could be generated
in equal numbers. In view of the relatively large mass and
size cflf the chlorate ion, they have neglected the occupation

of C103 group in the interstitial position. This inference
is again strongly supported by the fact that C103 ion has low
mobility and an unfavourable shape (planar) for migration,
and luflfli electronic polarizability. Hence, they came tx> the
conclusion that it is the movement of the sodium ions with
small Goldschmidt radius (98 pm) and low electronic polariza
bility (O.4lxlO_24 cm3) that should be mainly responsible for
the electrical conduction process in tflue pure material. Thus
the conduction in this substance is caused by the migration
of positive ions and their vacancies under the influence of
applied electric field.

The above considerations lead to the fact that the
current peaks observed below room temperature in all the four
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different impurity doped specimens of NaClO3 are due to the
reorientation of the impurity vacancy dipoles formed by the

substitution of divalent cationic impurities in the NaClO3
lattice. Theoretical calculations performed for a general
catitnx Me2+ (Me2+ == Mn2+, Pb2+, Ca2+, Ba2+, Sr2+ ....) [18]

as well as for some other well defined systems [l9—2l] have
revealed that, the interaction energies of cation vacancies
with Me2+ both for the nearest neighbour (nn) and next nearest
neighbour (nnn) state are nearly the same. Later, this theore
tical predictions were experimentally verified in NaCl and
LiF by actual substitution of Mn2+ ion. It was also found
from the above experimentation that for I—V dipoles created
by Me2+ impurity having an ionic radius larger than that of
the host lattice cation, the relaxation processes as reflected
by the ITC curves are solely due to the nearest neighbour dipole
interaction. For Me2+ impurities with smaller ionic radii
a departure from the above model is observed [26]. Therefore,
it is possible to extend the above model in the present case

also, since, NaClO3 is an ionic crystal and the dopants used
in the ITC investigation have ionic radii larger than that
of the Na+ ion. Consequently, the observed low temperature

peaks (A) in the doped specimens of NaClO3, undoubtedly are
due to the formation of I-V dipoles in the nearest neighbour
positions. Again the behaviour of these peaks towards the
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poling field and poling temperature is typical of an ITC peak
stimulated by I-V dipole reorientation. The activation energy
values calculated from ITC ‘measurements are found. to ‘be in

very good agreement with those reported from ionic conductivity
measurements [13,25]. Thus ii; becomes evident that time same
cation vacancy hopping mechanism is operative in the electrical
conduction process as well as in I-V dipole relaxation.

The substitution of divalent impurity ions cause
a local distortion in the host lattice, and it is to be expected
that the lattice distortion will affect the relaxation behaviour
of these dipoles. From the activation parameters reported
in the table 2! it is possible to observe that, the value for
the reorientation activation energy increases as the ionic
radius of the impurity ion increases. Such variation of acti
vation energy' with impurity ions arises from the change in
the Born—Mayer potentials [27-29] resulting from substitution
process.

In order to find the origin of the peaks 'B‘ observed
at higher temperatures let us consider the effect of various
parameters on the ITC spectra of this material. It is clear
from the peak heights obtained for doped NaClO3 crystal as
a function of poling temperatures that the complexes responsible
for law temperature ITC peak now gradually begin to dissociate
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at higher temperatures, and when one quenches the sample from
higher temperature to the liquid nitrogen temperature, the
carriers thus generated are immobilised, giving rise to a non—
uniform space charge. Therefore the high temperature peaks

(B) observed imx all the doped specimens of NaClO3 are due to
the space charge created by the dissociation of I-V complexes
in the material. The observed decrease with the poling tempera
ture in the magnitude of the height of the lower temperature
peaks (A) of all the four systems readily leads to the conclu
sion that, the decrease of the total integrated charge with
increasing poling temperature is a consequence of the decrease
due to dissociation in the effective number of complexes. The
resulting space charge- should then certainly show Lu; in 'the
peak B, the height of which should increase with poling tempera
ture. Indeed such an effect is observed as expected and this
lends conductivity to the structure proposed here for the origin
and nature of the ITC peaks in pure as well as doped sodium
chlorate.

8 . 5 CONCLUSIONS

The detailed investigations carried out in single
crystals of pure and doped NaClO3 using ITC technique in the
temperature range 80 to 450K lead to the following conclusions:

1. The ITC spectrum obtained for pure NaClO3 crystals
shows only a broad peak with a maximum at 402K. The origin



234

of this current peak can be assigned as due to the formation
of space charges by the inherent impurities present in the
pure sample.

2. The ITC spectra obtained for doped NaClO3 crystals
show two distinct current peaks whose temperature values corres

ponding txa the current maxima depend upon the nature and size
of the divalent impurity added.

3. The origin of the low temperature peaks (A) observed
in all the four different doped specimens can be assigned to
the formation of impurity—vacancy dipoles in the nearest neigh
bour positions by the added divalent cationic impurity in the

NaClO3 lattice.

4. The peaks (B) observed above room temperature can
be assigned as due to the non-uniform distribution of space
charge formed by the dissociation of the I-V complexes.

5. Activation energy values for reorientation of I-V
complexes are found to increase with the increase of the ionic
radius of the impurity ion.

6. Activation energy values obtained from ITC measure
ments are found to be in good agreement with the values obtained
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from conductivity measurements. Hence the same hopping mecha
nism must be active both in conduction process and in I—V dipole
reorientation.
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Chapter IX

THERMALLY STIMULATED POLARIZATION AND DEPOLARIZATION

CURRENT STUDIES IN PURE AND DOPED NaNO3 CRYSTALS

Abstract

Results of careful. measurements; of thermally' sti
mulated polarization current (TSPC) and thermally stimulated
depolarization current (TSDC) carried cum: in single crystals

of pure and doped NaNO3 crystals in the temperature range
80K to 350K are presented. Both TSPC and TSDC spectra show

sharp peaks in doped NaNO3 crystals in which the temperatures
corresponding to the current maxima depend cum the ‘nature
of the impurities added. The activation energies and pre
exponential factors for dipole relaxation process have been
evaluated from the TSPC and TSDC results. The DSC spectrum

obtained for pure NaNO3 also supports the results obtained
from the TSPC and TSDC measurements.
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9 .l INTRODUCTION

Sodium nitrate crystallises in the rhombohedral
subgroup of the trigonal system of space group R§c with

two formula units of §aNO3 per unit cell [l—3]. The nitrogen
and sodium atoms lie on threefold axes and the three oxygen
atoms cnf each nitrate group are arranged symmetrically about
the nitrogen atoms in planes normal to the threefold axes
as shown in figure 9.1a. Each oxygen atom lies on a twofold
axis. Sodium nitrate has been extensively studied since the
work of Kracek [4] who first noticed the appearance of a grad
ual phase transformation. Kracek et al. [5] observed marked
changes in the intensities of the X-ray reflections from some

of the planes on heating NaNO3 above 488K. They attributed
this to the rotation of the NO; ions about the trigcnal axis.
The investigations of Katelaar and Strijk [6] also show that

the transition is caused by internal rotation of the N03 groups
in the crystal. They found that the probable mode of rotation
is that about an axis through the N—atom and perpendicular

to the plane of the N03 group. Later specific heat investi
gations [7] confirmed the existence of a characteristic lambda
curve with transformation beginning in the vicinity of 423K

and reaching the lambda point at Tc = 549K, just below the
melting point at 584K. This phase transition was shown to
be of order-disorder type. It is the dynamics of the phase
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transition, i.e., the change from a complete order to complete
disorder of the crystal structure, spread over a wide tempera
ture range of nearly lOOK, that generates most of the interest
in sodium nitrate.

Terauchi and Yamada [8] by X-ray scattering,studied
the phase transition of sodium nitrate crystal associated
with the ordering of the orientation of N03 ions. They have
analysed the results on a microscopic basis and have concluded

that the pair interactions between N03 ions play an important
role during this phase transition process.

In addition, the lattice dynamics of NaNO3 has
been investigated by neutron, Raman and infrared spectroscopy,
mainly above room temperature in order to study the disorder
phenomena related to the order—disorder phase transition.
All the active lattice modes in sodium nitrate are known from
the neutron scattering measurements of Logen et ail. [9],
Trevino et al. [10] and Lefebvre et al. [ll]. Besides, the
phonon dispersion curves of NaNO3, Lefebvre et al. [ll] have
also studied the temperature behaviour of some lattice modes
from room temperature upto 563K. The effect of heating, upon
the frequencies and dampings of the Raman active lattice modes
were studied from 300 to 573K [l2—15]. It may be mentioned
in this context that Lettieri et al. [16] using Raman spectro
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scopy have observed a soft lattice mode in the pressure induced
ferroelectric phase above 45 kbar at room temperature.

The electrical conductivity, dielectric constant
and loss of this material have been thoroughly investigated
by Ramasastry and Murti [17] and Ramasastry and Syamasundara
Rao [18] in the temperature range 300 to 480K, whereas the
low temperature studies on this material are due to Badr and
Kamel [l9]. They have measured the resistivity and dielectric

constant of NaNO3 in the temperature range -30 to —80°C and
obtained some anomalous change at —30°C in the Q vs T curve

accompanied by a _non—monotonous change in the resistivity
plot. From the results they concluded that this anomalous
change was due to the occurrence of a phase transition in

the NaNO3 crystals by the change in the nature of the vibra
tional mobility of the nitrate group which affects the tempera
ture» dependence of edielectric constant and resistivity. In
this chapter we discuss the results obtained from TSPC and
TSDC measurements made on single crystals of pure and doped

NaNO3 in the temperature range 80 to 350K. Detailed analysis
of the TSPC and TSDC spectra have been made by studying their
characteristics as ea function cnf impurity concentration, pol
ing field, poling temperature, poling time and heating rate.
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9-2 EXPERIMENTAL DETAILS

Single crystals cnf pure and ( Ba2+ and Srzfi doped

NaNO3 crystals were grown from melt using Bridgemann's tech
nique in open pyrex glass tubes. Samples of typical sizes
6x6xl mm3 were prepared for TSPC and TSDC measurements after

cleaving time grown samples along (100) faces. The thin film
electrodes used were of evaporated aluminium (Difficulties
were encountered with silver paint). The method of measure
ment of TSPC and TSDC and the experimental set up used have
been already described in Chapter II. Thermally stimulated
polarization current (TSPC) and thermally stimulated depolari
zation current (TSDC) were measured using Keithley model 617
Electrometer. The concentration of the impurities, in the
specimens have been determined from the atomic absorption
spectra obtained for the respective samples. The DSC spectrum

of NaNO3 was taken using' a Perkin-Elmer instrument (Delta
Series Model DSC 7) in the temperature range 120 to 300K with
a heating rate of 10°C/m.

9.3 EXPERIMENTAL RESULTS

9.3.1 TSPC and TSDC measurements in NaNO3 crystals

The TSPC measurements carried out in pure sodium
nitrate by quenching the specimen to liquid nitrogen tempera
ture and warming it with a biasing voltage of 200V (heating
rate - 0.07K/sec) iJ1 the temperature range 80 ix) 350K give
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a well defined current peak at 263K (denoted as B) as shown
in figure 9.3a. The TSDC spectrum obtained by polarizing
the specimen with a field of 2 KV/cm at 300K for a period
of 2 minutes (heating rate 0.07K/sec) is shown in figure 9.3b.
A sharp current peak is observed exactly at the same tempera
ture where the TSPC peak is found to occur. The height of
the TSPC peak is found to be large compared to that in the
case of TSDC. It is also found that the height of the peaks
increase slightly with the rate of heating.

9.3.2 TSPC measurements in doped NaN03 crystals

The TSPC spectra recorded for doped crystals for
three different concentrations (250, 500 and 1000 ppm) of
Ca2+ and Sr2+ impurities in the range 80 to 350K are shown
in figures 9.3c and 9.3d. The spectra obtained for the two
specimens by applying a biasing voltage of 200V (heating
rate 0.07K/sec) show two distinct peaks of varying magnitudes.
Let us denote these peaks as A and B in the increasing order
of temperature. The temperature corresponding to the current

maxima (Tm) for the peaks denoted by A are found to be 224.5K
and 231K respectively for the Ca2+ and Sr2+ doped NaN03
crystals, whereas Tm for the peaks denoted by B is same as
that for the current peak observed in the pure NaN03 crystals.
Though the heights of the peaks A are found to increase in
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proportion to the cbncentration of impurity ions, the magni
tudes of the current peaks B are unaffected by this process.
The shape of the current peaks also depends on doping concen
tration. The activation energies (E) and pre—exponential
factors (fig ) obtained by making use of the log I vs T 1 plots
for the peaks A for both Ca2+ and Sr2+ doped specimens of

NaN03 are shown in table 1.

Table l

Values of various parameters obtained from TSPC spectra
of doped NaN03 crystals

Sample Tm(K) E(eV) T1(Sec)

NaNO3:Ca2+ 224.5 0.45 1.1x10'8
250 ppm

NaN03:Sr2+ 231.0 0.49 2.78xl0_9

9.3.3 TSDC measurements in doped NaNO3 crystals

The TSDC spectra recorded for doped NaNO3 crystals
for" three» different concentrations (250, 500 and 1000 yppm)2+ 2+ . . . . .of Ca and Sr impurities are shown in figures 9.3e and
9.3f. The spectra obtained tnr polarizing time specimen with
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a field of ZKV/cm for two minutes of 300K (heating rate
0.07K/sec) show two distinct current peaks. It is observed
that the temperature corresponding txa the current maxima for
peaks A and B in both the specimens are found to be exactly
the same as that obtained from TSPC measurements. The magni
tudes of the TSPC peaks are found to be larger than that TSDC
counterparts. It has been observed that the height and shape
of the TSPC peaks A are strongly dependent on the concentra
tion of the impurities while peaks B are found to be inde
pendent of the impurities present in the sample. The activa
tion energies and pre-exponential factors evaluated by making
use of the log I vs T 1 plots are shown in table 2.

Table 2

Values of various parameters obtained from TSDC spectra
of doped NaNO3 crystals

Sample Tm(K) E(eV) T: (Sec)

NaNO3:Ca2+ 224.5 0.46 6.sx10"9
(250 ppm)

NaNO3:Sr2+ 231.0 0.51 9.sx10'l°
(250 ppm)
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9.3.4 Effect of poling field

The nature of variation of TSDC peaks A for Ca2+ doped

(250 ppm) NaNO3 .as a function of poling field for fixed pol
ing temperature and poling time is shown in figure 9.3g.
The effect of poling field on the variation of TSDC peak

A_for Sr2+ doped (250 ppm) NaNO3 crystals is shown in figure
9.3h- IU1 both these specimens the height and shape of the
TSDC spectra are found to vary with the increase in poling
field. The height of the peaks shows linear relation with
the field as shown in the inset of figures 9.3g and 9.3h.
The height and shape of peaks B in Ca2+ and Sr2+ doped speci
mens are found to be unaffected by change in poling field.
We have thus found that the role of biasing voltage in deter
mining the nature of variation'of the current peaks A in
the TSPC spectra is the same as that of poling field in the

TSDC spectra of the doped NaNO3 crystals.

9.3.5 Effect of poling temperature

In order to study the effect of poling temperature
on the nature of variation of the TSDC spectra, samples with
fixed impurity concentration, poling field and poling time
have been used. The effect of poling temperature on the
nature of variation of peaks A in Ca2+ and Sr2+ doped speci
mens with impurity concentration 500 ppm, poling field 2KV/cm,
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and poling time 5 minutes is shown in figures 9,31 and 9.3j.

Simier no appreciable variation in the B peaks has been
observed, they have not been shown in the figure. It should
be noted that the height of the peaks A in both the specimens
is found to <decrease ‘with poling temperature. It should
also be noted that the effect of poling temperature is more
predominant in samples with higher impurity concentration.

9.3.6 Effect of poling time

In order to study the effect of poling time on the

TSDC spectra of doped specimens of NaNO3, we made TSDC
measurements on samples containing a fixed amount of impurity
ions by varying poling time, while keeping the poling field
and temperature constant. Figure 9.3k shows the variation
of the current maxima as a function of poling time ranging
from 1-10 minutes for the peak A in Ca2+ doped (250 ppm)
specimens, while figure 9.31 shows variathmi of the current
maxima for the peak A in Sr2+ doped specimens for a fixed
field of 2KV/cm and poling temperature 300K. It can be noted
that the current maxima decrease slowly' with increase in
poling time. It is also observed that, the effect of poling
time is more pronounced in samples with high impurity con
centration and for higher poling temperature._
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9.3.7 Effect of heating rate

For studying the effect of heating rate, we have
carried-out the TSPC and TSDC measurements in samples with
fixed values for impurity concentration, poling temperature,

poling field/biasing field and poling time. In this case
the height of the current maxima is found to be increased
with increase: in heating rate ‘without affecting the total
integrated charges for each peak.

9.3.8 Results obtained from DSC studies

The differential scanning calorimetric studies
carried out in powdered NaNO3 in the temperature range llOK
to 300K with a heating rate of 10°C/m is shown in figure
9.3m. A sharp peak with a maximum at 265K has been observed

in the case of pure sodium nitrate crystal.

9 . 4 DISCUSSION

It is obvious from the TSPC and TSDC, the current

peaks (B) observed in both pure and doped NaNO3 crystals
that this material undergoes a phase transition at 263K.
As already mentioned NaNO3 undergoes an anomalous change
in its electrical properties as revealed in E vs T curve
and in the monotonous change in resistivity at —30°C. It
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is suggested that the pronounced increase in the value of
a.c. conductivity reflects a co—operative change in the pola
rizability of the structural units in the unit¢ell [19]
Therefore it is advisable to look for common reason which
might be related to the characters of the nitrate group that
leads to some kind of modification of the crystal field as
long as neither the basic crystal structure nor the valency
of the positive ions can be the effective factor. A change
in the torsional rigidity or clamping of the permanent
dipoles associated with the nitrate group ‘may apparently
be excluded since it would be likely to affect also the value
of the lattice parameter. Therefore it is highly probable
that the freezing of the reorientational motion of the NO;
group about its threefold axis is responsible for the occur
rence of this low temperature phase transition. Such
successive blocking of the reorientational motion of the

NO; ions taking place while cooling the crystal might lead
to the splitting of the vibrational bands and a considerable
contraction of the line. Such splitting in the internal
and external modes of vibrations was observed experimentally
in IR and Raman spectroscopy for the nitrate crystals, speci—

fically for CsNO3 and RbNO3 [20-23]. Thus the change in
the character of the vibrational mobility' of the nitrate
group should ijnns result :h1 occurrence cnf phase transition
in this method.
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Therefore, the results obtained here from TSPC and
TSDC along with the results obtained from the DSC studies

clearly establish that pure NaNO3 undergoes a phase transi
tion at 263K. Also, the impervious nature of peak A at 263K
in TSDC and TSPC to various experimental conditions strongly

support the above conclusions.

The origin of the lower temperature peaks observed

below 263K in both Ca2+ and Sr2+ doped NaNO3 crystals in
the TSPC and TSDC measurements can be explained by consider

ing the role of the substituted divalent impurity ions in
the NaNO3 lattice. It is well known that electrical conduct
ion in ionic crystals like NaNO3 is a defect controlled
property and this defect concentration increases exponen

tially with rise in temperature. In the case of NaNO3 crystal
the well confirmed experimental result [17] is that the
electrical conductivity is considerably lowered by the addi
tion of Ba2+ to the lattice (Contrary results have been
observed for SOi_ and Sr2+ doped NaNO3 in which, it is found
that conductivity increases with the substitution of these
ions). To compensate the excess charge of the added divalent

positive ion impurity (Z2+), positive ion vacancies (vg)
or negative ion interstitials (X-) may be created. If the
mechanism of electrical conduction in this crystal is by
the migration of either of these defects, the conductivity
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must kn; enhanced. To account for time observed decrease in

conductivity' we should consider the effect of time above
increase in number of negative carriers on the concentration

of other defects such as negative ion vacancies (V3) and
positive ion interstitials (X+). The concentration of posi

tive ion vacancy [Vg], exists in equilibrium with the concen
tration of negative ion vacancy [V3], and also with the con
centration of positive ion interstitials [X+]. Similarly,
the concentratbmi of negative ion interstitials [X ] exists
in equilibrium with that of negative ion vacancy [V3]. These
may be expressed by the following equations [24].

[v;][v;] = eXp(-95/RT) = .3 (9.1)

[v;1[x*1 = exp<-9F/kw) = xi <9.2>

[X'1[v;1 = eXP("9AF/KT) = x§F (9.3)

where S, F and AF stand for Schottky, Frenkel and Antifrenkel
defects respectively, g for the free energy' of formation
of defects, and x for the concentration of either defects
in pure crystal. It is understood from the expressions

(9.1) to (9.3) that increase in [Vg] or [X_] results in the
decrease of [V2] and/or [X+]. That is, the addition -of_
divalent positive ion impurities into the lattice has._the
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effect of decreasing the negative ion vacancies and/or posi
tive ixnl interstitials. The conductivity will decrease if
the process is mainly contributed by either anion vacancies
or cation interstitials. Considerations based cum both size
and polarizability lead to the conclusion that nitrate ion
should be less mobile. The nitrogen-oxygen bond is 1.2 if
with the oxygen having'an ionic radius of 1.4 If, whereas
the ionic radius of Na+ is 0.95 1?. Likewise, the polariza
bility of the nitrate ion is 3.4 to 4.OxlO_24 cm3 while that
of the sodium ion. is O.4lxlO_24cm3 [25]. Hence on account
of the larger size of the nitrate ion, interstitial anions
are less likely to occur and positive ion vacancies may be
assumed to produce charge compensation. Thus it is highly
probable that the substitution of divalent cationic impurit
ies viz., Ca2+ and Sr2+ in a NaNO3 lattice produce positive
ion vacancies. These positive ion vacancies along with the
divalent cationic impurities produce impurity-vacancy (I-V)
complexes and their reorientations give rise to current peaks
in TSPC and TSDC measurements. Thus the origin of the current

peaks observed in doped NaNO3 crystals can only be due to
the formation of I—v complexes in this material by the substi
tution of divalent cationic impurities. Again, the effect
of various experimental parameters on the variation of TSPC
and TSDC current peaks (A) fully establishes that the origin
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of the current peaks (A) are due to the I-V complexes. The
activation energy values and pre-exponential factors eva
luated from both TSPC and TSDC are found to be approximately
the same. From this it is clear that, the results obtained

for both pure and doped specimens of NaNO3 are not the arti
fact of the technique used but is due to the innate propert
ies of these materials.

The observed difference in size of the current peak
in TSDC method compared to that in the TSPC can be explained
as follows. During the TSDC process the dc electric field
not only polarizes the sample but also causes partial disso
ciation and hence it build up an ionic space charge in the
materials (As noted in ‘section 9.3.5 this effect is much
more at higher poling temperatures). Thus the effective
number of I-V complexes which reorient on heating process
is now reduced and this gives a smaller magnitude for TSDC
peak (A). A reduction of the internal field due to space
charge effect can also contribute to this phenomenon [26,27].

9 . 5 CONCLUSIONS

The results obtained for pure and doped NaNO3 single
crystals from TSPC and TSDC measurements lead to the follow
ing conclusions:
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l. Both TSPC and TSDC measurements show a single current
peak (A) in pure crystals and two peaks (A and B) in doped

specimens of NaNO3.

2. The temperature corresponding to the current maximum
for peaks (Ad zhi both pure and doped specimens is found to
be 263K, whereas the temperature corresponding to the current
maximum for peaks (B) in doped specimens is found to be
dependent on the nature of impurity added.

3. The current peak (A) observed in both pure and doped
NaNO3 crystals at 263K can be assigned as due to the occur
rence of a phase transition in this material at this tempera

ture, apparently due to reorientation of N03 ion in the
crystal lattice..

4. The current peaks (B). observed in doped specimens
of NaNO3 are due to the reorientation of I—V dipoles formed
by the substitution of divalent cationic impurities in the
pure NaNO3 crystals.

5. The observed decrease in sizer of the» TSDC peaks
compared to that in the TSPC peak may be due to the formation
of space charges in the TSDC process.
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6. The activation energy values and pre—exponential
factors evaluated for peaks (A) are found to be same in both
TSPC and TSDC measurements.

7. The DSC studies also support fully well the results
obtained for NaNO3 from TSPC and TSDC measurements.
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Chapter X

IONIC THERMOCURRENT STUDIES OF DOUBLY DOPED NaNO3 CRYSTALS

Abstract

Ionic thermocurrent technique has been used to study

the relaxation of Ca2+ and Ba2+ impurity complexes in NaNO3
crystals. The ITC spectrum of doubly doped NaNO3 gives two
well defined peaks (A and B) at temperatures 223 and 252K.
The peaks A and B are identified as due to the reorientation
of Ca2+-vacancy and Ba2+-vacancy dipoles. The analysis of the
peaks yields activation energy values of 0.46 and 0.53 eV and
values for pre-exponential factors as 5.46xlO 9 and 3.79xlO 9 sec
respectively for dipoles formed by Ca2+ and Ba2+ with vacancies.

274
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lO.l INTRODUCTION

As demonstrated :h1 earlier chapters, ionic ‘thermo
current measurement is ea powerful technique for studying point
defects and their interactions in ionic crystals when these
defects are created by the substitution of divalent impurities
leading to the formation of composite structures such as the
impurity vacancy (I-V) complexes [1,2]. Since these structures
may have a dipole moment, it is possible to probe these defects
with an electric field using techniques like dielectric loss
and isothermal charging and discharging current measurements.
A variety of defects in ionic crystals [3] have been investigated
using ionic thermocurrent technique. It is also well known
that many physical properties of ionic crystals are extremely
sensitive to the presence of divalent cations [4]. The dispersion
state of the dopant and the manner in which these cations are
incorporated in the host lattice are dependent upon the thermal
history of samples [5]. The impurity ions and vacancies can
be presented as individual defects independent of one another
or they may form aggregates into dimers, trimers or higher order
complexes [6-8]. The first attempt to study the effect of double
doping technique was reported by Morigaki et al. [9] in alkali
halides containing divalent paramagnetic and diamagnetic ions
[10]. This technique was used primarily to avoid magnetic
exchange and dipole—dipole interactions. Later this technique
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has been extended to study aggregation of kinetics in doped
alkali halides. A major advantage of this technique is that
it can also be used to remove the aggregation of impurities.
The mechanism behind this technique is to dope the pure material
with a divalent cationic and a monovalent anionic impurity simul
taneoushy. The first experimental study of this kind was per
formed by Yokozava and Kazumata [ll] in NaCl doped with Mn2+
and F- impurities. It is believed that Mn2+ vacancy complex
is trapped and stabilised at F impurity to form cation impurity

vacancy-anion impurity complexes [represented by (MV)F-]. Though

the migratbmi of (MV)F— is not possible, only the rotation of
MV dipole is possible. Thus the ITC study of such systems would
ideally clarify the motion of bound vacancy in MV dipole asso
ciated with F- impurity. As a result it is possible to control
the properties of dipole polarization of impurity vacancy
complexes by this technique. In the present chapter a detailed
study of the ITC measurements in crystals obtained by simultaneous
doping by two different divalent cation impurities Ymnua been

reported. Results are presented for NaNo3 crystals doped simul
taneously with Ca2+ and Ba2+. Such type of investigations have
not been reported earlier in the literature for doubly doped
non-cubic systems.
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10.2 EXPERIMENTAL DETAILS

Single crystals cnf NaN03 doped with various amounts
of Ca(NO3)2 and Ba(NO3)2 (ranging from 0.02 to 0.1 mole %) were
grown from melt using Bridgman technique. No precipitation
of impurities were observed during the growth process. Samples
with their broad faces parallel to the growth axis coated with
aluminium electrodes using vacuum evaporation technique were
used for the ITC studies. The ITC measurements were carried
out in a metallic chamber described in chapter II using the
usual procedure. The current measurements were made using an
electrometer' (Keithley, model 617) and ea heating rate <of
0.07K/sec was maintained throughout the entire temperature range
of study (80 to 300K).

10.3 RESULTS OF ITC MEASUREMENTS

The ionic thermocurrent spectrum obtained for doubly

doped specimens of NaN03 containing 0.02 mole % Ca2+ and Ba2+
polarised at 300K with a fairly large field (3KV/cm) using a
polarising time of 5 minutes is shown in figure l0.3a. The
spectrum obtained shows two well defined current peaks (denoted
as A anui B in the increasing order of temperature) at tempera
tures 223 and 252K. It is observed that the magnitude of the
current peak A is larger than that of the peak B. The current
maxima for both these two peaks show linear relation with the
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applied field as shown in figure lO.3b. The variation of the
height of the current peak A and B as a function of poling
temperature its shown iml figure lO.3c. It shows ea smooth
decrease in the height of the current maxima with the rise in
poling temperature. Figure 10.3d shows the ITC spectrum obtained

for 0.02 mole % Ca2+ and 0.05 mole % Ba2+ doped NaNO3 crystals.
The ITC spectrum obtained by polarising the specimen at 300K
for 5 minutes with a field of 3 KN/cm indicates that only the
peak B is enhanced when compared with those in figure l0.3a.
In this case also, the height of the current peaks show linear
variation with increase in poling field and a decrease with
increasing poling temperature. It is also observed that for
higher Ba2+ concentration only the size of the peak B is found
to increase, whereas the magnitude of the current peak A remains
almost the same. Figure l0.3e shows the nature of the variation

of the ITC peaks A and B for a doubly doped NaNO3 (0.02 mole %
Ca2+ and 0.05 mole % Ba2+) crystal annealed at 400K for one
hour. It is observed that both these peaks are found to be
almost suppressed.

On the other hand the increase in doping concentration

of Ca2+ in NaNO3 for fixed doping concentration of Ba2+ impurity
causes changes only for the peak A. It is ‘found that, the
size of the peak A increases in proportion to the concentration
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of Ca2+ impurities added. The activation energy values eva

luated from the peaks A and B in NaN03 doped with 0.02 mole %
Ca2+ and 0.05 mole % Ba2+ by making use of the initial rise
method [12] are found to be 0.46 and 0.53 eV respectively.
It is also observed that no appreciable change occurs in the
activation energy values for the range of doping concentra
tions used here.

10.4 DISCUSSION

Although it is clear that the ITC peaks A and B
shown,in figure l0.3a obtained for doubly doped NaN03 crystals
give the characteristics <nf the impurities incorporated in
the material, a tentative explanation regarding the origin
of each of these peaks can only be arrived at by considering
the effect <n5 various experimental parameters cum the nature
of variation of ITC peaks. To identify the species responsi
ble for the ITC peaks, let us consider the effect of substi

tution of time two different cationic impurities on the NaNO3
lattice. It is well known that substitution of covalent
impurities in a lattice create vacancies or interstitials
depending on the nature of impurities substituted and hence
they form impurity-vacancy (I-V) dipoles in the specimen.
Supposing that simultaneous substitution of two different
cationic impurities in the same lattice is made, they form
two different types of dipoles provided that the dipole—dipole
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interaction is absent (or small). Depending on the size of
the added divalent cationic impurities dipoles are formed
at nearest neighbour and/or next nearest neighbour positions.
Experimental results obtained here clearly show that the
current peaks obtained for the doubly doped specimens of NaNO3
are due txa the formation cflf cation impurity-vacancy dipoles
formed by the substitutitwx of Ca2+ and. Ba2+ impurity ions
in the lattice. The amplitudes of these peaks preserved by
a linear relation (shown in figure lO.3b) with the polarising
field, clearly indicate the independent nature expected for
the non—interacting dipoles. These conclusions are further
supported by the results obtained for annealed samples. The
observed suppression of ITC peaks with thermal annealing
at higher temperature clearly shows that this process prohi
bits the formation of aggregate viz., Ca2+ vacancy and Ba2+
vacancy dipoles.

In order to identify' the species responsible for
the peaks A and B, we have extended the ITC studies on doubly

doped crystals of NaNO3 by changing the concentration of one
of the species, while keeping the concentration of the other
species fixed. IH: is observed that for higher concentration
of Ba2+ impurities only the size of the peak B changed, which
in turn unambiguously shows that the peak B can be attributed
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to the I-V dipoles formed by Ba2+ ions in the NaNO3 lattice.
Hence one can indirectly confirm that the peak A should be
due to the presence of Ca2+ impurities. This has been further
verified by incorporating greater amount» of Ca2+ impurities

in the NaNO3 lattice and in this case it is noted that only
the peak A is found to be increased as expected. Thus it
is clear that the two ITC peaks obtained for doubly doped

NaNO3 are associated with Ca2+—vacancy and Ba2+—vacancy re
orientation. The activation energy for reorientation of these
dipoles can be evaluated from the analysis of the ITC curve
by making use of the equation,

kT51 = bE To exp( E; )
1-(Tm

where b is the heating rate, To is the reciprocal frequency
factor [2].

The activation energy values obtained for the peaks
at 223 and 252K are 0.46 and 0.53 eV with pre-exponential
factors of 5.46xlO-9 and 3.79xlO_9sec-1 respectively. Thus
in the present investigations simple and direct identification
of the species responsible for the ITC peaks has become
possible.
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1O . 5 CONCLUSIONS

The ionic thermocurrent studies carried out in Ca2+
and Ba2+ doped sodium nitrate crystals in the temperature
range 80-300K lead to the following conclusions.

l. The ITC studies carried out in doubly doped NaNO3
crystal show two distinct current peaks, one at 223K and the
other at 252K.

2. Both the peaks show linear dependence with the applied
field.

3. The temperature corresponding to the current maximum
for both the two peaks is found to be independent of poling
field and poling temperature.

4. The current maximum of both the two peaks is found
to be decreased with increase in poling temperature.

5. No ITC peaks are found in the annealed specimens_
of doubly doped NaNO3 crystals.

6. The peak at 223K is attributed to the reorientation
of Ca2+ vacancy dipoles and the peak at 252K can hence be

due 130 the 1332+ vacancy dipoles. This conclusion is further
verified by concentration dependences of the peaks.
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7. The activation energy values for Ca2+ and Ba2+ vacancy
dipoles are found to be 0.46 and 0.53 eV and the values for
pre-exponential factors are 5.46xlO 9 and 3.79xlO 9 sec.

8. Dipole-dipole interaction has ru> significant effect
in this system.
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