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CHAPTER I

FERROEL ECTRICS

l.1 Introductiont
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The ferroelectricity is a new field of dielectrics.
Dielectrics are the crystals in which electric fields persist.
They offer very high resistance to the flow of electric current.
During the last few years, ferroelectricity is expanding fast
and extensive investigations on the properties of ferroelectrics
have been carried out especially on single crystals. Many of
the ferroelectrics like Rochelle Salt, barium titanate, potassium
dihydrogen phosphate, triglycine sulfate etc., have a number
of properties which make them attractive for use in optical

devices, dielectric amplifiers and second harmonic generation.

Historically, the first ferxrcelectric crystal discovered,
has been the Rochelle salt i.e. Sodium~potassium tartrate
tetrahydrate, NaK C, H, 06’ 4H20 , which was known as ' sel
de seignette ' after its discoverer. Rochelle salt was reported
to have unusual dielectric, piezoelectric and electrooptic
properties, Pockel, (1894). Till the end of the first world watr
no further work on the properties of the material was carried
oute Ferroelectricity of Rochelle salt was established by
detailed studies by Valasek (1924), who was the first to point
out the analogy between the dielectric properties of ferro-

magnetic materials. It was due to this analogy with ferromagnetism

that the phenomenon was named ferroelectricity by Muller (1935).



The second ferroelectric crystal discovered by Bush
and Scherrer (1935), was potassium dihydrogen phosphate
(KH2P04) considered to be the only ferroelectric crystal. But
it was showed that other compounds isomorphous with KI-{2P04
also were found to be ferrocelectric.

Wainer and Salomen, (1943) in United States, Wul and
Goldman, (1943) in Russia and Ogawa, (1943) in Japan independently
discovered the anamolous dielectric properties of barium
titanate (BaTiO3). The ferroelectric properties of this substance
were reported simultaneously by Van Hippel and his co-workers
(1944) in the United States, and Wul and Goldman (1945 a,b)
in Rugsia. Since the discovery of ferroelectricity in Ba'I‘:‘LO3
compounds with the perovskite structure have been studied
extensively. These studies have resulted in the discovery of

many new ferroelectric materials.

Jona and Shivane (1962) have given a useful table of
seventy six ferroelectric crystals which were known upto
January 1961. Mitsui et al (1969) have given comprehensive
compilation of ferroelcctrics and antiferroelectrics, including
solid solutionse. Structure and property data on a large number

of perovskite - type compounds is provided by Glasso (1969).

Recently Subbarao (1972) has compiled in concise fom
ferrcelectric and antiferroelectric materials, known upto 1971.

The compilation provides an excellent source of data on the



spontaneous polarization and curie temperature of ferroelectric

and antiferroelectric materials.

Regarding progress in the theoretical field a number of
theories of ferroelectricity have been proposed, but none of
them is satisfactory. The first theoretical explanation of
properties of Rochelle salt was proposed by Kurchatov (1933).
The first molecular theory of ferroelectricity based on the
actual crystal structure, to explain the ferroelectric transition
in KH,PO,, was proposed by Slater (1941), Muller (1935) but
forward two phenomenological treatments of Rochelle salt which
have proved very sucéessful in correlating its properties and
have contributed much to the subsequent theories of ferroelectricit
Devonshire (1941, 1951, 1954) has proposed a phenomenological
theory cof BaTiOB, which explains its behaviour with remarkable
success. & general theory of ferroelectricity has not yet been
established, although Cochran's lattice dynamical theory (1960,
1961) and Lines statistical theory (1969) have provided for

major understanding of ferroelectric phenomena.

1.2 Dielectric Properties_of Crystals:
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when a flat slab of any solid dielectric is placed in
a unifom field Eo, with its nomal parallel to the field, the

dielectric displacement D in CGS system of units is given by.

D=€,E,=€E = E +40F ---- (1. 1)

Where E, and E are field streughts outside and in dielectric.



€0, € are dielectric constants of surrounding medium and of
the dielectric respectively. P is the polarization (electric
dipole moment per unit volume). Since the surrounding medium is
usually air or vacuum, €, is taken to be unity. Ignoring

spontaneous polarization, the general relation between E and F is,

P=n E ---- (1. 2)
Where n 4is dielectric susceptibility.
In an isotropic cubic system p 1is always parallel to E.
Then all quantities in above equation are written as scalarse
From equation (l.1), the dielectric constant of an isotropic

medium is defined as

€_ = D - E 4+ 4R P
E E
= 1 +4% n - - (1. 3)

From abobe equation the susceptibility is related to dielectric

constant by

n= S=1 - - == (1.4
an

In a non-cubic crystal the dielectric response is described
by the components of the susceptibility tensor or of the

dielectric constant tensor.

PJ = n jk Fk "= - (105)

jk = 14400 g -- == (1.6)

From equation (1.5) we have the following equations due to

Kelvin.
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Py =n 5 By *n 55 E) +n 4 By §-~-- (1.7)
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P3 =n 31 E1 + n 32 E2 +n 33 E3 }

cbrresponding to equation (1.7) we have the following equations

for components of displacement.
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The subscripts 1, 2, 3 refer to the orthogonal crystallographic
X, ¥, & axes respectively. The statements concerning the
polarizability and internal field are summerized below. The
dielectric behaviocur of ferroelectric crystals depends on
polarizability and internal field. The actual field in a diele=-
ctric varies greatly from point to point, over distances
comparable with molecular dimensions. The intemal field F,
also called the local or molecular field, is defined as that
field in a very small spherical cavity f£rom which the molecules

have been removed.

According to Lorentz equation

F= E+rP+E((1%¥kFkn) - - (1.9)

Where E = statistical field in the dielectric



P = polarization.

internal field constant in an isotropic mediume.

H
i

r = 4%

3
But in the crystal of the lower symmetry r differs from 4%/3,
the magnitude is the same. This r is independent of temperature.
In the field, F, each molecule becomes polarized and acquires
the dipole moment P . The polarigzability of the atom is defined
by
b=xF c e - (110

The polarizability is the atomic property, but the dielectric
constant will depend on the manner in which the atoms are

assembled to form a crystal.

The polarization in the crystal may be expressed as

P=2N,P, =< N, ,F, - - - - 1.11)
I B Jj 3 373 (
Where

Nj = concentration of atoms j

<Xj = polarizability of the atoms j and

]

Fy the local electric field at atoms sites jJe

Taking local field as

an_ o - — - (1.12)
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° dielectric susceptibility

= W, &,
n = -----—-P = 1 1 J == == (1-14)
. LY
3 3 377
Since = 1 +4°8 n

in <GS units we get

€-1 4m |
= — = g o« -~ == (1.15)
S+ 3 i 33

This is well known Clausicus~ Mossotti relation. This eguation
relates the dielectric constant to the electronic polarizability.

The total polarizability is usually separated into three parts:

i) Electronic polarizability (%) :- This is due to

displacement of electrons within the atoms or ions.

ii) Atomic or ionic polarizability (og):- This is due to

displacements of atoms or ions within the molecules.

iii)  Dipolar polarizability (%3):- This arises from molecules
with a permmanent electric dipole moment that can change

orientaticns in an applied field.

The contributions to the total polarizability are shown in

Fige (1.1).

&t frequencies to the electronic transition between different
energy levels in the atom i.e. at visible, ultraviolet and

X-ray frequencies, there is a fall of *é. The dielectric constant
at optical frequencies is entirely due tc the electronic
polarizability. The atomic and dipolar contributions are small

at high frequencies. In the optical frequency range the dielectric

constant is given by
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Fig.11: Schematic representation of frequency dependence
of the several contributions to the total polarizability,
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n® -1 4% s

- = - i, 064 (Electronic) -~ (1. 16)
n® + 2 3 3 J ]

Polarizability is the function of frequency of the applied field.
&t low frequency of the applied field all types of polarization

are equal to the value in the steady field.

1.3 Ferroelectric Materials_and Their Characteristic
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Ferroelectrics are materials which pOssess spcontaneous
electric polarization FPg which can be reversed by applying a
suitable electric field (E). The process is known as switching

and is accompanied by hysteresis as shown in Fige. (1.2).

In many ways these materials are electrical analogues
of ferromagnetics in which the magnetisation I may be varied
by & magnetic field H . In some practical ways ferroelectrics
differ from ferromagnetics and also in their fundamental

mechani sms.

Ferroelectrics are all solids and are monmetallic, the
properties of ferroelectrics are most simply studied when the
material is in a single crystal fomm. Ferroelectrics should not
be confused with ferrites which are nonmetallic ferromagnetic

materialse. We know the well known relations between D, E and F.

D=E+4n p - - - (1.17)
aDb dap
———— ] A 4T s
dE d E

€& = =+ 4% n - - - (1.18)



Psf- - - =

-Ec 0 /Ec

m

Fig.1-2:Schematic representation of feerpelectric
hysteresis loop .
Ps :Spontaneous polarization.
Pr . Remanent polarization.
Ec: Coercive field.
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Where

& = dielectric constant

o]
il

dielectric susceptibility.

In some ferroelectrics the temperature dependence of the
dielectric constant above the transition temperature can be
described fairly by a simple law called the Curie-wWeiss law,
from its ferromagnetic analogue
C

I - - == (1.19)
T - Tg
Where C = Q{urie constant

To = Curie-Weiss temperature.

In the vicinity of Curie~Weiss temperature, the dielectric
constant becomes very large and the relation between dielectric
constant and susceptibility can be approximated by

< o
4% -
Polar constants have the property that

jjfg(?) T ax dy dz #0O

Wwhere (r) is the combined nuclear and electronic charge

n - - - = (1.20)

density. Such crystals possess spontaneous electric polarization

P in the absence of an electric field.

S

Ferroelectric crystals possess an additional property
that the polarization can be reversed by the application of an

electric field. Thus ferroelectric crystals can be considered



as a subgroup of pyroelectrics. Therefore, it is a necessary
condition for a ferroelectric crystal to belong to any one of
the ten polar classes in its ferrcelectric phase, but not a

sufficient condition as a reversibility of the polarity must

also occur.

& ferroelectric crystal is thus defined as a pyroelectric
crystal with reversible polarization. The polar structure of a
ferroelectric crystel is a slightly distored non=-polar structure,
and this fact gives rise to reversibility of the polarization.
The relation between polarization and applied field shows

hysteresis effects.

With increasing temperature ferroelectricity disappears
above a certain temperature called the transition temperature.
At the transition temperature the crystal undergoes a transition
from the polar state to the non-polar state. As a rule, the low
temperature phase is a polar phase and high temperature phase
is a nonpolar phase. The phase transition can be of the first
order or of a higher order (usually second). The first order
transition is that in which there is a discontinuous change of
volume and energy, the energy appearing as “Latent heat" in
an infinitely narrow temperature range. & second order transition
is that in which there is no discontinuity in the change in
volume or energye. Thus in the second order transition there is
no release of 'Latent heat'; but the expansion coefficient and
the gpecific heat shows anomaly extending over a finite temperature

range. Other properties such as the polarization, shows
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discontinuity in a first order change but not in a second

order change.

The properties presented by the most of the ferroelectrics

are ag follows.

1) They exhibit a dielectric hysteresis loop between
polarization and applied electric field below a certain
critical temperature. This temperature is called

ferroelectric transition temperature.

2) They have a ferroelectric domain structure which may be

visible in polariged light.

3) They have a high dielectric constant along the polar
axis which is a function of temperature and rises to

a peak value at the curie temperature.

4) They possess a pseudosymmetric structure. In the
ferroelectric state the structure belongs to the

polar class.

5) They have a transition at the Curie temperature to fomm

structure of higher symmetry.

6) The curie temperature is raised by application of a

biasing field or a hydrostatic pressuree.

7) They show piezoelectric and pyroelectric properties

below the curie temperature.

8) There is a sudden appearance of surface charge at the

transition.
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The existence of dielectric hysteresis loop indicates
spontaneous polarization Pg « The experimental methods for
observation of hysteresis on the screen of a cathode ray
oscilloscope are based on the Sawyer and Tower circuite. The
hysteresis loop is shown in Fig. (1.2). The linear extrapolation
from the saturation region to gero field gives the spontaneocus
polarization Fg « The intercept on polarization axis is Pp
called remanent polarization and the intercept on the E - axis
‘gives the coercive field. The total polarizatioa of the ferro-
electric in the saturation field OM is represented by the
intercept OL ,The main defect of the Sawyer and Tower (1939)
circuit is the phase difference introduced between the applied
field and polarization of the crystal. Because the impedance
of the crystal is variable. The circuit has been modified by
Muller. Other methods which are commonly used for measuring
the magnitude of Fg are polarity reversal techniques, charge
integration techniques, pyroelectric measurcement using calibration
for scaling. The last technique is also used to study the
temperature dependence of Fg « The nature of temperature
dependence of Py is governed by the type of phase transiticn.
In a ferrcelectric crystel which undergoes the first order
phase transition, Fg suddenly falls to zero at the transition
temperature. The transition in BaTiC% is an example of the

first order transition. In a ferroelectric crystal which
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undergoes second order phase transition, Fg decreases
continuocugly to zero at the transition temperature. The
transitiocn in triglycine sulfete is an example of the second

Oorder transition.

1«5 Claggification of Ferroelectrics:
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In recent yvears the phenomencn of ferrcelectricity has
been discovered in a large number of crystals. &s investigations
in recent years have shown that ferroelectricity is a more
comuon phendmenon that had been considered for a long time.
Hence the classification of these materials has become very
difficult. However, classification of ferrcelectrics has been

proposed according to different criteria as follows.

1) Crystal Chemical Clagsification:
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According to this classification the ferroelectric
compounds are divided into two groups. The first group comprises

hydrogen bonded crystals, such as KH2 pca . Rochelle salt,

triglycine sulfate. The second group comprises the double

oxides, such as BaTi 03, K NbO3 ’ cd2 sz 07, Pb sz 06 etc.

2) Classificaticn. according. to the Number of Directions
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This classification also divides the ferroelectric

crystals into two groups:

i) The first group includes those ferroelectrics that

can polarize along only one axis, such as Rochelle Salt,
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K H PO, type ferroelectrics, (NH4>2 SO, .

thiourea etc.

(NH4)2 BeF,,

colemanite, CaB 0, (OH)3

2 .
ii) The second group includes those materials that can
polarize along several axes that are equivalent in
nonpolar phases. e€.ge Ba Tj.03type, Cd2 sz Q7
Fb sz 06 etcC.
Both classes show piezoelectric effect in the polarized
phase. In the second group they have transition points below
their Curie temperature at which the spontaneous polarization

changes in magnitude and direction. This clagsification is

particularly useful for the study of ferroelectric domains.

3) Classiflcatlon Accorulng_to the Existence of Cent}e
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This clagsification also divides into two groups. The
first group includes those ferroelectrics ehat are piezoelectric
in the unpolarized phase such as Rochelle salt and related
tartrates, KH2 PO4 type ferroelectricse The second group
includes those ferroelectrics which are not piezoelectric in
unpolarized phase, such as BaTiC Cd Nb,, O, , Pb Nb, ©

3 2 1 2 4

Ca By O, (OH)3 H20 etcCe

3

This clagsification is particularly useful for the

theromodynamic treatment of the ferroelectric transition.
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4) Clagsification_According_ to_the Nature_ of the
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Phase Change at the Curie Points
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According to this classification ferroelectric crystals
are divided into two groups. (1) order - disorder group (ii)

dispacirie group.

The first group includes crystals with hydrogen bonds
such as KH2 PO, and isomorphous salts, triglycine sulpate and
probably same of the alums. The ferroelectrics in this group
undergo a8 transition of order disorder type. In these crystals

the motion of the protons is related to their ferroelectric

properties such as KH2 P04 .

The displacive group of ferroelectrics includes ionic
crystals whose structures are closely related to the perovskite

and ilmenite structures, such as those of Ba TiO, and most of

3
the double oxide ferrcelectrics. The simplest ferroelectric
crystal of this group i1s Ge Te with sodium chloride structure.
This clessification is practically equivalent to that which

is done on the basis of the existence of permanent or induced

dipoles in the nonpolar phase of the crystalse.

5) Clagsification According to_the Predominant Hature

Abrahms and Keve (1971) have examined the properties
of ferrcelectric crystals and have divided into three classes
according to the predominant nature of the atomic displacements

required by polarity rewersal.
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The one dimensional class includes those ferroelectric
crystals in which the atomic displacement vector (&) and all
Locii followed by the atoms during reversal, are linear and
parallel to their polar axis. One dimensional ferroelectric
are restricted to the point groups 2, 2 mm, 3, 3 m, 4, & mm
3 ¢+ Pb 1O, , K DO, , Li HbO,, S SI
etc. The two dimensional class includes those ferrocelectric

etc. Examples are, Ba TiO0

crystals in which the atomic displacement vector ( & ) or the
actual Locii (L) fcollowed by atoms during reversal lie in
parallel phases containing the same polar direction. These

are four point groups thét satisfy the strict symmetry require-
ments for this class; m, mm2 , 4 mm, 3 m and 6 mm. Examples

HC1, HBr, NaiO..

are, Ba COF4 . Ba anF 5

4 ’

The three dimensional class includes those ferroelectric
crystals in which the individual displacement vector ( & ) and
the locii followed by atoms during reversal, have essentially

i i E - G4, (50, NH SC
random orientations. Examples are, B d, (304)3 , (614)2 8C, .

KH,FO

oFY% » & 3

04 (CH) , H, O etc.

3 3 2

1.6 Theories of Ferroelectricity:

Many attempts were made to explain ferroelectricity in
crystals. The theories proposed so far are completely satisfa-
ctory and the one which is most promising is due to {ochran
based on the lattice dynamics. & description of the themmodynamic
theory of ferroelectricity and a brief review of the model

theories are given below,
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Thermodynamic theory is very general in its scope and is
independent of any particular model. Thus it leads to quite
general conclusions. &lthough such a theory does not provide
physical mechanism which gives rise to ferroelectric properties
of & given meterial. 1t provides a framework which can be used
in connection with any particular model. The pioneering work in
formulating a thermodynamic theory for the case of Rochelle
Salt has been done by Muller and Cady (1935). The theory can be

applied to KH PO4 type ferroelectricse.

2

The themodynamic treatment of Ba Tios type ferroelectrics
is somewhat different, since these crystals have more than one
ferroelectric axis and are not piezoelectric in paraelectric
phase. A thermmodynamic theory of such crystals has been developed
mainly by Devonshire (1954) and Ginzburg. The theory is based

on the following assumptions.

1) The free energy of a ferroelectric crystal is regarded

as a function of temperature, stress and polarization.

2) The polarized phase is regarded as a slightly distorted
unpolarized statz. Therefore, in the polarized phase the crystal

is described by the same free energy function.

3) The anomolous piezoelectric and electric properties
are considered to be 2 result of the anamolous dielectric
behaviour. Thus the coefficient of P2 in the free energy functions

bear the significant temperature dependence.



4) The second order piegoelectric coefficient i.e. the
electrostrictive coefficients are of main impcrtance because the

crystal is not piezoelectric in the unpolarized state.

5) The free energy of the crystal is expressed by the
3ibb's function.

Gy =U=-Tg+X; 8, +Em Pm - - - (1. 21)

Where U is the internal energy of the crystal under external
stress, 1 the temperature, S the entropy, 4 the j the
component of mechanical stress, Pm is the m th component of
electrical polarization. The differential form of this function
is

a(Gy) = -sdar+% ds, + B dPy (1. 22)

The index i can take six values. For compressions or
eXpansions i = 1, 2, 3 and for shear, i = 4, 5, 6. For a stress
free crystal (X #® 5 ), the function Gj can be expanded in powers
of polarization with temperature dependent coefficients. Let

the crystal be ferroelectric for temperature kelow the transition
temperature T, . For simplicity it is assumed that in the
ferroelectric region the spontaneous polarization occurs along
only one axis. Let Gyg be the free energy of the unpolarized
crystal. Devonshire founa that, it was necessary to consider

terms upto B° . Thus an expansion of the free energy for = O

is given by the equation.

- a o 1oyl 2 1 1 6 ]
Gy =S0= 3 X" PP+ 7 P 4z b (1.23)



where dashes indicate that the coefficients apply only to

stress free crystal condition. It is assumed that P 1is total
polarization and derivative of G; with respect to P is the
externally applied electrical stress. The significant temperature
dependence is contained in the coefficient Xl. The meaning of

X 'can be seen from the following consideration. Lét a small

electric field be applied to the crystal.

Then under zero pressure, from equation (1.23)
4Gy = = sdT + E dp

or E= (0% .- == (L.24)
=Y

dbove the transition temperature, the polarization is small,
for small electric fields. Therefore, for T Te all temms
except first on the right hand side of the equation may be
neglected, then

E= (%1 ) = 1p -—— - (1.25)
=3P T x

The dielectric constant and susceptibility along the pdar

axis are given by

&; = 4T - 1 - - -

53 P oy (1.25)
. 1 _ 4% _ 1
<t X — s

This equation shows the coefficient Xl is egual to reciprocal
of the susceptibility. However, in this temperature range the
susceptibility and dielectric constant along the polar axis

are given by the Curie-~iWeiss law.
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So thet Xt = ¥ ~To - - - - (1.27)

Wwhere C 4is the Curie constant and
Ty = the Curie-Weiss temperature.

Hence equation (1.23) can be written as

I

1 "
5 (

fl

o |
L-T0) p? 4 b % (1.26)

C

RN
™
s}
+

OV

G1 = G10

From differentaation, We obtain the equations for applied

field and dielectric constant

Vs T - T,
E = (____1_}1 = ( )+t Ed + R P (1.20)

Ve ¢
and -
i . 47 —(u)v-fsalpz-rsbly“ (1. 30)
n €-1 C *

Spontaneous polarization:

In the thermal egquilibrium (‘}gl )T = @ s0 that
“DF
spontaneous polarization Pg for zero applied field satisfies

the eguation

- 1 1.3 1.5 — .
O= X Py +g- Py +F P - - (1.31)
it follows that the value of Fg which gives extremum of Gl .

are given by

o
Xl+;€slP2 +F1p’;=o - - (1. 32)



From equation (1.29) we have

G 4
('-b 1), = xF +3pte? 4s5ptpt (1.33)
D52

1¢ %t ’ Bl ' L are s11 positive, F_ = O gives a positive

velue of ( 02 uq'/I? . ‘lherefore Fg = O will correspond to

the only minimum of free energy and in this c@se spontanecus
polarigation would not occur. However, if as & result of tempera-
ture dependence the coefficient Xl becomes negative, Gl wculd b

2
be maximum for P_= O Pecause in this case (~D Gy ) is a

0p?

negative quantity. When X1 is negative, the egquation (1.23)

2.1
gives at least one nonvanishing value of Pg for which‘:h—EL—

Ry

would be positive quantity.

This shows that in this case Gy would be minimum i, e.
spontaneous polarization would occur. Consequently continucus
variation of x! from positive to negative values changés a
stable paraelectric state ( Xl;Vo) to a stable ferroelectric
state ( x1<§o) . &t the transition temperature 7. between

1

these states we have X” = o0 . Two palar cases in the vicinity

of £ransition temperature can be considered.

1) Second Order Transztlon.

If the coefficients Bl and.hl are positive and Xl varies
from positive to negative as the temperature is lowered. e

obtain free enexrgy curve as shown in Fig.(l.Bb). “he corresponding
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Fig.13(a): Schematic representation of the free energy as function
ot polarization for various values of X for a second-order
transion.
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" Fig.13(b):Schematic representation of the spontaneous polarization
and reciprocal susceptibility near the transition temperature
Tc for a second-order transition.
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spontanecus polarization as a function of temperature is shown
in Pig. (1. 3b). Assuming that\\l is negligible the spontaneous

polarization is obtained from equation (l.31) which becomes

o1

1 3 .
X"P_+p Eg; =o0 - - - (1. 34)
S0 that either Py = o0 or
2 - Xl T - T lo -, 71
Ps = ____._1 = ..._..._...10 = -—(-:-—-E'}_—- (1. 35)
B ¢

For T ,27 Tec the only real root of equation (1.34) is at
b4

Fs = p ., because C and B~ are positive. Thus T, the curie
temperature is equal to Tee For 7T < T, the spontaneous
polarization is given by

Te = T
1

o

) - - - - (1. 36)

Ps":(
c B

This equation shows that Pg is & continuous function of
temperature below T, and it decreases continucusly to zero at
Tc ( see Fig.l.32). & transitim of this type is not associated
with Latent heat but with a discontinuity in the specific

head and is called a second order phase transition. For second

order phase transition the susceptibility and dielectric constant

above the curie temperature T, are given by

. &~ _ _c
n .- 4x - T - TC - - (lo 37)

The entropy associated with spontanecus polarization can also

be found ag followss:
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where 8y 1s the entropy of the unpolarized state. Assuming
that the third term in above equation is negligible, we obtain,

J = e

%% = "3F (J'T)—_-ZP {T\ C O)
2
=5, = = I (Fs --—— (1. 39)
2 C

Since Pg is a continucus function of temperature in-a second
order trensition and since the slope of Pg has a2 discontinuity
at T - Ty , there should be a discontinuity in the specific

heat at the transition temperature.

First Order Transition:
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It has been seen that the condimtion for the occurance

1 should be negative. If

of spontanecus polarigation is that X
at the same time Bl is positive, there is & second order
transitiocn. Let us consider the case for which Bl is negative
as temperature is lowered. In this case free energy curves
are shown in Fig. (1.4a) and the spontaneow polarization is
shown in Fig. (1.4b). & transition from the nonpolsrized state
to a spontaneously polarized state will now occur when the
minimum at the frce energy cofresponding to Pg = o becomes
equal to minimum associated with Pg =¥ O . In the absence

of an external field the spontaneous polarization satisfies the

equation and also the condition,



'Gt" Gy
x>
x>0
’)éok / /
X —~P

Fig.1'4  Schematic repesentation of the free energy as function

of polarization for various values of X' for a first
order transition.

pr‘\\ /'/n

To Tc —T

Fig.'4(b): Schematic repregentation of the spontaneous polarization
and reciprocal susceptibility near the transition temp.
Tc for a first order transition.
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G, = G

1 10

Therefore we have

dxt e+l pley +1b1E =0 (1.40)

From this equation and equation (le.31) we can find the relations:

P§=~4§(§_) - - - (1.41)

1

xt = -136(__;3}_% | - - == (1.42)
Vi
1

PP 3 (X)) - - - - (1.43)
1

Equation (1.40) shows that the spontaneous polarization is
discontinuous at the trensition temperature. According to
equation (1.18) the entropy will also be discontinuocus at
Te and there will be latent heat i.e. the transition is of
the first order. By the way of calculation n , the

susceptibility can also be obtained as

4% 4( T - 1)

The reciprocal of susceptibility is not zero in a first order
transition, but it is a positive quantity. Its temperature

verietion just above and just below T, is shown in Fig. (1.4).
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In order to explain spontaneous polarization in general,

it is necessary to have physical model in which the dipole



moments of the different unit cells are orientedralong a
common direction. Since a ferroslectric crystal is a very
complicated molecular system, a regorous theoretical treatment
of realistic model is very difficult. & number of woikers have

propesed model theories for ferroelectricity.

Mason and Mathies (1948) gave model theory for Ba Ii0,
crystal, they have suggested that stable position for the Ti+4
ion is not at the centre of the oxygen octahedron. Insktead
it is at any of the six positions, which correspond to slight
displacement from the centre towards the oxygen ions. when
T4 4 is in any of these positions, the unit cell would have

a dipole moment.

Taynes (1950) proposed a model in which oxygen ions
are displaced rather than titanium ions. He proposed a theory
in which dipole moments are not attributed to atomic digplacements.
Cnly the electronic states of Ti 06 octahedra are considaereds
The theory is satisfactory for detemmining the entropy change,
but it predicts infra-red 2bsorption line at nearly 10 4,

wavelength, which is not detected.

Devonshire's model theory (1949) considered the dipole
of an atom vibrating in the field of its neighbours. The
dipole moment is not fixed in magnitude, but depends on the

displacement from equilibrium position.
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Slater (1950) has also proposed a model in which he
assumes in addition to Devonshire's model that cach atom hes
an electronic polarization and titanium ion has an ionic

polarization.

Megaw (1952,1954) has suggested that directional covalcnt
bonding is of primary importance in the ferroelectricity of

Pb T;0; and autiferroelectricity of PbarO,. The (110) displace=

3.

ment of Pb in Pbdr O, indicate that the Pb ion can get displaced

3
in directicns other than a four fold axis, while in Pb 0iC,
-
the Fb ions get displaced along the four fold axis at all
temperatures from the Curie point (450°C) to that of licguid

helium temperature.

1.6(c) Cochran's Theory:

O it T G e Sy ot Ay S o - -

Cochiran (1960-61) has proposed a lattice dynamical theory
of ferroelcctficity for certain crystals. The thcory is hased
on the assumptions thet the ferroelectric phase transiticns
are the results of the instabllity of the crystal lattice with
respect to one of the homogeneocus transverse optical modes.
If the crystal is wholly or partly ionic, lattice vibrations
are accompanied by polarization oscillations of equal frequency
which gives rise to 2 local electric field interacting with
the ions thro' lony renge coulomb forcecse If for one perticular
mode of vibretion, these long renge forces are equal in

mégnitude but opposite in sign to the short range forces,
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the crystal becomes unstable for that mode. The dielectric
constant which is connected to the frequency of the criticel

mode becomes extremely large, as it happens at the Curie
temperature. “The theory provides an explanation of ferroelcctric
phase transition in distomic crystals of the fzct-Ltype. Cochran
has used the date on the lattice dynamics of diatomic crystals
and his own experimentel date on the dielcctric properties

of cublc crystals in an analysis of some characteristics of
transitions of Ba Ti03 « He has estimated the dielecctric

crystal constant and the spontaneous polarization, calculated

by Cochran, Fg of Ba ‘I‘io3 at the Curie temperature as = le4

X 104 and Pg = 19.5 4 coulomb/cm2 which are very close to the
experimental valuese. The temperature dependence of the spontaneocus
polarigzation, calculated by Cochran is very close to experimentally
detemined variation. These results indicate that Cochran's

theory explains quite satisfactory, many problems of Ba riOB.

The interesting new result of the theory is the predicéion of

the absolute value of the frequency WI' 0f the fransverse

optical mode with wave vector zero for perovskite materials.

11

T=(2=3) X 10" cps for Ba 1wi0

3

The frequency lies in the millimeter wavelength range. ror
this reason an experimental verification of the theory is
difficultd Recenﬁly, investigations have been made in the
infra~red part of the spectrume. Infra-red studies by Ballantyne

(1964) on Ba TiO., above the Curie temperature, show that within

3



the experimental error, the results are in ggreement with
Cochran's theory. Similar results also have been reported in
other perovskite ferroelectricse Cochran's theory is supported
along by experimental observztions that there is fall of the
frequency of the transverse optical mode as the curie temperatcture
is reached from above, and that no dielectric relaxation occurs

for several perovskite ferroelcctrics upto 10ll CPSe

1.7 Ferroelectric Pomainss

T S 20 S D Y T SN S T B S S e SN W D T T I

The early evidence of ferroelectric domains wags based
on indirect method which are now of historical importance onlye.
The first direct optical observation of domains in KHQPO4 with
polarized light, was made by Zwicker and Schesser (1944). The
domain structure in single crystals of Ba Ti03 was reported
for the first time almost simultaneously by Kay (1948), Blattner
et al (1948), Methias and Van Hipple (1948J), and Mitsui and
Furuchi (1953). Marutalae (1952) made direct observations of
the domain structure in Rochelle Salt. Broad surveys of domain
observation and domain walls are given in the publications of
Megaw (1957), Kanzig (1957). Jona and Shirane (1962) Sachse

(1956) and heluder (1971).

In generel, a ferroelectric crystal consists of domeins,
which are regions of homogeneocus polarization that differ only
in the direction of the polarization. Within @ domain in a

ferrelectric crystal all the spontaneously polarized unit cells
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are oriented indentically. Consegquently, each domain has a
macroscopic spontaneous polarization. The directions of
spontaneous polarization of neighbouring domains in @ ferro=-
electric crystal make definite angles with one another. Lhe
demarkation between two damains is called a domain wall. &
domain wall is usually considered to be so thin that it has

a much smaller valume than the bulk material in the domeins.
& domain wall is electrically neutral and corresponds to a
minimum of the energy of a crystal. Consejguently, the dipoles
in the neighbouring domains are oriented in such a way that,
at a wall the projection of the polarization veftor of one
domain is equal in magnitude and opposite in sign to the pro=-

jection of polarization vector of the neighbouring domain.

A single crystal may contain @ number of domain regions
although, by definition, it cannot contain more than one
crystallite. A single crystal has domain walls, but no grain
boundaries. In a polycrystalline material, there may be sevecral
domains in each crystallitees The crystal lattice remains
coherent through a wall, although it may be distorted by
wall. In spite of this coherence, the directions with walls
of a pearticular type, depends on the crystal summetry. &djacent
ferroelectric domains are related in a manner which is Quite
similar to the relationship of crystallographic twins, and

hence the domein formation mey be celled "twining”.
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The reasons for the occurance of damains in a ferro-
electric crystal src now fairly well understoods &bove the
Curie temperature, i.e. in the paraelectric phase the direction
along which the polarization is to occur cannot be a unique
direction. But even in the ferroelectric phase, there must be
at leest two equivalent directions directions along whicn Fg
can occur with the same probability. Since at the curie
temperature different regions ©f the crystal can polarige
in different directions, the paraelectric crystal consists of
uniformmly polarized regions. Below Te the crystal must belong
by its summetry, to one of the pyroelectric cag¥es, and the
domains differ in the direction of Pg . Therefore, when &
ferroelectric crystal is cooled below the curie temperature,
in the absence of an external electrical and mechanical stress,
it breeks up into domains of different orientation. If means
that from the crystallographic point of view, the domain
structure is identicel with twining structure. In contrast
to ordinary twining, twining in the case of ferxoeléctrics
arises from a common and uniform pareelectric phasce Twining
determines the nature of the polarization reversal process,
and it influences some of the crystel propertiecs by the pressure
of walls between individual domains. The mutual relationship
between two components of a twinned crygstel is described by
(2) the twin operation which determines the rautuel orientation
of the canponents and (b) the orientation of the composition

plane, which in ferroelectrics is identical with domain wall,.
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Twin operations of ferroelectric domeins have been discusscd

by Zheludev and Scuvalov (1956,1357).

-

The free energy of a crystal is regarded as a function
of temperature, stress and polarization. Jhen a fcrroelectric
crystal is ccoled below the curie temperature in the absence
of the external mechanical and electrical stresses, it splits
up into donains of different orientation. Therefore, the free
energy of the crystal with domains is lower than the free
energy of the crystal with a single domain. Thus the ecquilibrium
arrangcment of damneins in a ferroelectric crystal is that in
which the frece energy of the crystal is least. The contributions
to the free energy that can be reduced by the formation of
domaing are many in number. The condition for minimun depolari-
zation energy with respect to a wall may be used to determine
the stable orientation of the domein wall. & calculetion based
on simplification shows that the stable oxientation of the
wall is in the direction of the adjacent domain. The orientation
of domain walls can be investigated by many methods. Recently,
Fousek and Jenovec (1969) have fcoimuleted mathematical eanditionsg
for detérmining the orientetions of domain walls in twin
ferroelectric crystals. 'The methematical treatment makes it
possible to f£ind 211 pemmissible walls in any infinite

ferroelectric crystal.

le8  Applications:

Ferroelectrics have been used for many years in devices

recuiring piezo~electricity such as transducers. Ferroelectrics
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are often better than other materials even for piezocelectric
purposes, because the high permitivity values allow the electro-
mechanical coupling factor to approach unity. Ferroelectrics

are also used in capacitors because of their high pemmitivity
velues. They are used in frequency controls, filters, miniature
cepacitors, themmal meters, modulating devices, freguency
multipliers and dielectric amplifiers and as switches and

modulators for Laser light.

It is not always convenient to keep the ferroelectric
crystal in an oven or crystal in order to maintain the required
value of a given property. Therefore, the efforts have been
made to build materials such that the reguired value of the
property occurs at room temperature. This control of properties
can be achieved by varying the proporticns in solid solutions.
We know that similer control of properties may be acnieved
by means of suitable additives during the manufacture of
ceramics. This view was given by McQuarrie (1955). Wonlinear
pgezoelectric properties can be used in direct amplification
of sound, and in computer circuits. Ferroelectrics can be
made use of matrix stores as stores with ultrasonic readout

and in switches, counters and other bistable elements.

(2) Linear Properties:

O — . W . S T g . S~ -~

Ferroelectric transducers have high coupling constant,

but comparatively high dielectric losses. The purpose of a
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transducer is in some cases to convert a.c. fields, or sudden
changes of field, into corresponding mechanical motions as ia
ultrasonic generators, loud speakers or pulse generators for
use with stomic delay lines. In other cases, & transducer uses
the piezoelectric effects to convert small motions into electric
changes, an in ultrasonic detectors, straingauges, microphones,
pickups and davices to measure the extent of vibrations. Such

devices can be small, with linezr dimensions of 1 mm or less.

Ferroelectrics have been suggested as bolometers for
infra~-red detectors since they have a response over a wide

spectral region.

(b) Hon-Linear Properties:

Ferroelectric condensers have been used for tuning
in superhets and for frequency modulation. The nonlinerities
are most marked at low frequencies and near the transition
temperature. Ferroelectrics can be replaced by Varactor diodes.
Barium strontium titanates could be used for harmonic generation
at millimeter wavelength also for microwave harmdnic generation

at 3 to 9 X 109 CpSe

A Prague tcam has reported the use of LGS (Triglycine

sulfate) as themoaltostic, nonlinear dielectric element (iandel).

It can be used as dielectric amplifier and as low
frequency power amplifier. This type of amplifier could be

used for remote controls, servo-systems, stabilization of
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supplies and auto frecuency amplificatiocne KH2P04 has been

used for large electro-optic effects. Generation of hamuonics
has been carried out with red-laster light incident on potessium
dinydrogen phesphate. Considecrable intensities has been reached

in certain directions (ligker et al, 1962).

1.9 Orientation of the Present Wordk:

Ferroelectricity is one cf the interdiséiplinary fields
of reseerch which needs to be tackled in vhysicel sciences,
engincering end technology. &lthough ferroelectrics have been
extensively studied in theory and in experiment, duriang the
last six decades owing to their important device epplicaticis.
Ihe theory of ferroelectricity continues to arouse interest
amony the research workers es;eccially becausc they hold praaise
in diverse new areas of technology and thelr understanding is
not yet complete. ‘he scope for ferroelectrics is even further
broadened in view of the significance of the relatced phenomena
such as ferroelasticity, magnetoelesticity, electro-optics,

nonlinear dielectrics and licquid crystels.

Barium titanate is the most extensively investigeted
ferrcelectric material. Barium titenate has been studied by
using wverious techniques such as X-ray diffraction, neutron
diffraction, infra-red spectroscopy, Ramen specltroscOuy.,
delie Fa, EsFoRe electron microscopy &nd their characteristic

properties have been investigeated by verious research workers.
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Lead titenate, cealcium titenate, strontium titanete are the
materiegls belonging to the perovskite family of fcrroelectrics
similer to bvarium titenatc. It is interesting to study thesc
crystels and their soclid scluticons from the view point of
vhysicists, becausc the structure is far simpler than the
other ferroeclectricse Thus the study of these solid scluticus

offers & great promise for & better understanding of the

M

W

ferroelectric phenomena. #lso from chemical and mechanical
view point they aire very steble a@s regerds thelr gpracticel
applicationse Since they exnibit ferroelectric properties

at and apove room tomperature and can be prepared and used

in the ceremic form.

1
!

Therefore, the aim of our present work is toO prepard

3 3), and (Fb wiG, end
Ca TiOB) end to study the following propertics.

solid soluticng of (Fp ©1i0., and Sy Ti0

1) Dielectric hysteresis 1oop.
2) Solid state bhattery fommation.
3) Second hamionic generation and Tandel effect.
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