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SYNOPSTIS

In contradistinetion to the well known negative
temperature coefficient of resistivity of usual thermistors,
gsemiconducting BaTiO3 ig characterised by its PTCR ( positive
temperature coefficient of resistivity ) anomely beyond its
trangition tempersture, It exhibits @ phenomenal increase
in resistence by more then thousand times within a short
termperature interval, This unique property of semicon-
ducting BaTiO3 has opened up numerous avenues of practical

applications and theoretical considerations,

During the past decade, continuing and extensive
efforts have been made to understand the phenomenon of PTCR
and its anomaly. 3everal mechanigms have been put forward,
Inspite of some measure of success, they do not seem to
explain agll features of the experimental results, In the
present work, an attempt has been made to explain the
anomalous behaviour in terms of & nev mechanism based on
the idea of scattering of an electron by polarization

fluctustions,

The thesis starts vith an introductory survey of the
origin of ferroelectricity in BaTiOB. An gccount of
various theories about the origin has becn given. Then in
the next section the work done to dste on polycrystelline as
well as single crystal semiconducting BaTiO3 has been
summarised, A criticel anslysis of the mechanisms proposed

so far to explein PTCR anomaly has been given.



The second chapter deals with the détails of
experimental techniques, A detailed account of the
preparation of semiconducting Bamo5 and techniques

employed for studying several parameters has been given.

In the succeeding chapters the results and discussion
of electrical conductivity, thermoelectric power, a,c.
characteristics, rectification, barrier-layer capacitance

phenomenon ete, of the following are given

1. Ba,  Da Ti0,

2, Ba,_ Dy Ti0,

3+ PR(ni, Wb )o,

4. Ba,_ Tb Ti0,

5. Ba,_ Br Ti0,

6. (Ba, Sr) Ti0; + 0.5 % BEr,
7. (Ba, Ca) Tio3 + 0,5 % Er,

The temperature range of study was 25°C to 200°¢,
X-ray analysis of typical compositions was performed at room
temperatures. The contacts used for the study of electrical
conductivity proved to be perfect ohmic throughout the
temperature range, So the resistivity characteristic can be
assumed to represent the bulk property of polycrystelline

samples,

Among the compositions noted above, those having semi-
conducting properties exhibit PTCR anomaly. However, the
resistivity at room temperature and the magnitude of PTCR

anomaly are different for each additive,



Thermoelectric measurements and rectificetion study
show that semiconducting '.BaTiO3 is an n-type semiconductor,
However,the thermoelectric power changes its sigh suddently
and becomes positive above the transition temperature,
Barrier-leyer capacitance phenomenon shows thet the type of
junction formed between the semiconductor and the metal is
Schottky type with the carrier concentration remaining nearly
constant throughout the PTCR range. Therefore PTCR anomaly

may be considered to be a mobility activated process,

The study of a.c. characteristics gives the following
information: (1) dielectric behaviour of semiconducting samples
of 3aTiO3 with temperature is similar to ferroelectric undoped
ceramic BaTiOB, i.e. above the Curie point they obey the
Curie-veiss law, (2) dispersion of dielectric constent and
resistivity tekes place in the audio-frequency region ( i.e.
from 500 ¢/s - 100 ke¢f y. Above the Curie point, a sharp
rise in resistivity ageinst temperature is observed at low
frequencies. However, as the frequency is increassed, the
value falls off and tends to a constant value. This clearly
ghows that the semple ( i.e. semiconducting BaTiO3 ) consists

of well conducting grains separated by low conducting layers.

X-ray analysis shows that there is no change in lattice

gonstants of BaTiO3 due to small percentage of doping.

The physicel properties described sbove are relevant
to the exposition of anomaly, In the light of above findings,
the existing theories are suitably modified so as te conform

with the experimentzl results,
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CHAPTER-1I

1.1 General Introduction

Te have made remarkable progress in understanding
quantitative details of meny complex properties of
semiconductors in terms of such concepts as energy bends,
electrons and holes, phonons, polarons, e;citons and =
wide variety of interactions between them. These
include scattering processes, recombination and trapping
end so forth. In most cases, parameters such as energy
gaps, effective masses and mobilities are determined
empirically. Much ingenuity has gone into devising
experiments to measure these quantities and great progress
has been made in the theoreticel interpretations of

agssociested transport phenomena.

Creation and annihilation of the electron-hole
pair in a semiconductor is associated with the introduction
or evolution of a smell quentity of energy. Therefore
prospects for the application of semiconductors as energy
transducers are rather attractive. Also, the corresponding
devices are marked by their simplicity. For example
semiconductors have led to new applications of energy

conversion of heat, light or sound into electricity and



viee versa,to a control of temperature conditions, and
various kinds of autometic devices. Semiconductors will,

perhaps, fulfil the dresm of centuries for the utilisation

of solar energy.

Among semiconducting elements, "Thermistors" occupy
an important position in view of their numerous practical
applications and the fundemental electronic processes
involved, The present work relates to a new type of
thermistors having a positive temperature coefficient of
resistivity (PTCR), also known as "Posistors". In
contradistinction to the well-known negative temperature
characteristics of ususl thermistors, the posistors are'
characterised by their PTCR anomaly beyond a transition
temperature. This feature opens up numerous avenues of

practical applications and theoreticel concepts.






1.2 structure of Ba'tio3

Meny compounds having the general formula A‘%O3
are isomorphic with the structure of mineral perovskite
CaTio3, the unit cell of which is ideally cubic with

0
cell edge of about 4A.
'.BaTiO3 belongs to this family. It has the ideal

perovskite structure1) above the Curie Temperature as

shown in Fig.1. All the atoms are in speecial positions

Ba at ( 0, 0, 0, ) cube corners,

T at ( %, %, %, )] body centre

11 ‘ 1
3 0's at ( E,EJ) Yy ( 3 0, % Y ( O, %, % ) face centre.

o]
a = 4,0A with space group Pm 3m, and one formula unit

per unit cell,

In order to 'visuslize the continuity of structure,
it is convenient to describe it by taking the origin at the
Ti atom ( ecf, fig. 1 ). Thus each Ti atom is at the
centre of 6 O-atoms, which are in turn placed at the corners
of a regular octahedron. The octahedra are linked by their
corners into a three dimensional framework, enclosing
large holes which are occupied by the Ba atoms. The

structure may also be looked upon as a face - centred
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2+

: 2-
cubic close - packed arrengement of Ba ion O ions,

. 2
every available octahedral hole between six O ions

4+

being filled with a Ti ion,

Below the Curie point the structure is tetragonal
with a = 3,992 X end ¢ = 4,036 g. This structure was
worked out by EVEHSQ) usging x-ray'and by Frezer et.al?)
using neutron diffraction mgthods. The oxygen octahedrs
are only slightly distorted, However, the Ti atoms are
displaced relative to the centres of their octahedra by
0.13 2, so that Ti-0 bond lengths sre sltered by the Ti
shift, whereas no large change occurs in the Ba-0 bond

length,

Below 0°C the structure becomes anthorhombic4’5’6)
with 8 = 5.682 8, b = 5.669 &, c = 3.990 f. The unit
cell is thus twice as large as the cubic cell and contains
two formula units, The Ti atom is displaced from its

0
symmetrical position by 0.06 A.

Below - 90°0, the symmetry of the phase was found
to be rhombohedral’) ( & = 3.998 & ) but the structure hes
not yet been determined, When Ba'l‘io3 is quenched from
high temperatures ( =~ 1600°C ), a hexsgonal form is

obteined, It is not ferroelectriec.



o 5
In both the tetragonal end the orthorhombic phases,
the slight distortion of the oxygen octahedra can be looked
upon as being the result of the displacement of Ti and
Ba along the polar axis, Thus the structure analysis
cleerly indicates the essential role played by the Ti atoms

in the ferroelectric phenomenon,



1.3 The Origin of Ferroelectricity

Despite & considerable amount of experimental and
theoreticel investigations on ferroelectric crystals, our
knowledge of the origin of phase transformation to the

ferro-electric phase is still incomplete.

The eerlier theoretical considerations were based on
the close snalogy between ferromegnetism and ferroelectricity.
Following the work of veissa) one can postulste for the

internal field for ferroelectric system the relations

F = n+%ﬁ1>

where B = the external field, P = polarization of sublattice

per unit volume, i%g is the Lorentz term,

Adopting the view that polerization results on account
of a displacive motion of the ions in BaTiOB, the first
successful attempt to desecribe the ferroelectricity was made
by Devonshire.g) He proposed a phenomenological theory of
ferro-electric transition in BaTiO3. In his theory emphasis
has been given on the occurrence of multiple minima in the
free energy function., He expressed the free energy of the
crystel per unit volume by expressing it es & function of
stress and polarization, This could explain the dielectric,
piezoelectric and elastic behaviour of the cry=tal at any
tempersture by means of a 'single' free energy polynomial

involving a limited number of terms.



Inspite of this, it is en approximation in the sense
that & finite number of terms are used in the free energy.
Secondly the same free energy expansion for both the
cubic end tetragonal phase is used. Also the assumed complete
ionic character of BaTiO3 is doubtful, Various investigations
including X-rey, neutron diffraction and infrared spectra

revesl that 3aTi0, has an intermediate eharaster, 104 11-13)

Slater14) modified Devonshire's theory by taking into
account polarization of ions by distortion and the Lorentsz

correction for the values of the internal field at the ion

gites.

Vigner15) and Jaynes16) extended Slater's work, They
introduced an electronic theory in which the electronic states
of the entire TiO6 octahedrs are considered rather than the
electronic polarizabilities of the individuel ions, On the
gupposition that excited electronic states lie close to the
ground state, crystal field mixing was considered on account
of dipole moment onerator. It was a step in the right

direction.

Further work on the properties of BaTiO3 type ferro-
. these properties
electric crystals explored the possibilities of relating/in

terms of Born and Von Karaman's17) theory of lattice
dynemics. The actual incorporation of the concept of time

varying polerization instead of static one,18) eand its



reletion to lattice dynemics was done by COchran,19)

21) et al, The main point in this

Anderson,zo) Landauer
approach is that the structure should become unstable wi?h
respect to certain vibrational modes at some temperature,
Accordingly, the region where K = 0, is responsible for

the ferroelectric phase and the region where K = n/e2 is
responsible for antiferroelectric phase, K being the 7
propegation vector of transverse lattice vibrational modes.
The tegperature dependence of the frequency u% is given
by Pr ., oL, (T - Tg ), where Tc is a charscteristie

temperature, This could also explain the Curie-Weiss
behaviour of the dielectric constant,
However, the above apnroach suffers from two drawbacks.

"

Firstly below T, , w% is negative which, in turn, implies
that the system is unstable in the harmonic approximation,
Secondly it is not possible to predict the transition, Also
they agsumed that the electronic excited states are far
removed from the ground state and are accordingly ignored

in the lattice dynamics of the system. This is questionable.

These adhoc aspects are done away by Shukla end Sinhazg)

by teking into account the role of electron-phonon coupling.

It will be noted from Section (1,2) that the octahedral

structure is of paramount importence in the understanding of

verious ferroelectric properties of BaTi0y. Von Hippe12>)
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has remarked that in BaT103 the ferroelectricity arises
from a feed back coupling between the titanium and oxygen

sublattices,

A quantum mechanical justification of the above has

22) It has been shown that

been given by Shukla and Sinha,
electron-vibration coupling in each elementary octahedron
leads to the formation of permanent electreec dipoles. These
dipoles get ordered below Tc. Howeveg,the long-ragge

order breaks down above the trensition temperatureg, One

can visualize fluctuations in these polearizations, In
semiconducting BaTiOB, the carriers ( electrons ) will
undergo scattering by these spatial polarization fluctuations,

In the last chapter, a theoretical formulation in terms of

such scattering of carriers will be given,
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1.4 Survey of Semiconducting Properties of BaT193

1.4.1 Bolycrystalline data:

The unique phenomenon of positive temperature
coefficient of resistivity in semicondueting BaTio3 sttracted
the attention of meny workers and 2 congiderable asmount of
work on the praoperties of semiconducting BaTtLO3 has been
performed. The work todate on polyerystalline BaT:i.O.5

may be summarised by the following pointss

1) By the incorporation of trivelent rare earth
ion524'27) into the lattice of %aT103 an n-type semi;
conducting system'is obtained, Similer results are also
obtained by reduction?®) of the titsnate or by incorporation

of cePtain sther iens (Sb, Wy . . )26

2) Semiconductivity is restricted within a short rauge

of doping ( 0.1 - 0.5 mole % ).

%) The resistivity is semnsitive to the concentration
of trece additives, to undesirsble impurities in the raw
30)

maeteriels and to sintering and maturing conditions.

4) Room temperature resistivity in the case of high
temperature equilibration with differing oxygen partial
pressures of doped BaT103 semiconductor is proportionsl to

the doping concentration over & limited concentration range.



c11
62)

MacChesney's‘G) explenation for this is based on Kroger's
generalised solution to the defect equilibria in terms of

the concentration of imperfection,

5) Well below the ferroelectric Curie point of the host
lattice the resistivity of these materials behaves 'normally’
i,e. a slight negetive temperature coefficient of
resistivity is observed. However, severasl degrees below
the Curie point the resistivity begins to increase and
within a short interval of temperature at Curie point it
suddenly jumps up by order of several hundreds, It continues
increasing until & temperature of 50° to 100°C above the
Curie point is achieved. At this point the materisls

again show normal behaviour, (Fig., 11 ),

6) The phenomenon of PTCR is sensitive to oxidation

under certein non-equilibrium conditions.45’46’52)

Accompanying the enhanced PTCR, the room-temperature
resistivity is increaesed by cooling in atmospheres of
relatively high oxygen partial pressure. The formation of
high resistivity surface layers could produce both these
effects. The stebility of Ti°% vhich is associsted with

the semicondueting phese is reduced at high oxygen pressures

46)

and at low temperatures, Therefore a concentration

13+ is esteblished from the surface to the

interior of such grain?g)

gradient of T

7 Thg effect of non-stoichiometry is al so observed on
resistivity,20+47)
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8) The resistivity im the Pé% renge is very sensitive
to hydrostatic pressure or to uniaxial sitress. The
hydrostetic effects seem to be related to the stress-induced
shift of the Curie temperature, There is some disagreement
between workers regarding the sign of resistivity chenge.
Saburizg) found a decrease whereas Ssuer et 31.28) o?seIVed

an increase in resistivity with hydrostetic pressure,

9) D.C, resistivity is sensitive to the voltage

) — i 25,26)
applied during the measurement,

10) Dielectric constent and resistence show dispersion

effects in audiofrequency range,26v36'46)

1) The sign of thermo-e.m.f. Hall coefficient clearly
shovs that it is an n=-type semiconductor. Sabur126)
observed that the thermo-e.m.f, in semiconductor BaTiO3
is independent of the temperature and the sign of the
Seebeck coefficient does not change above the transition
temperature. But according to Tennery and Cook?1) the

thermoelectric power and hence the 3eebeck coerficient

chenges sign and becomes +ve at the transition temperature.

12) According to Saburiap and Ikushima41)the earrier
concentration is uncharged throughout the entire tempersture

range ( including the Curie region ) and PTCR is & mobility

activated process, On the other hand Rayan and Subbar3037)

report that the carrier concentration d ecreases at the

transition temperature., This is also observed by !hkster.ss)
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13) The semiconductor - metal contact study shows
that the Schottky type barrier layer is formed at the

junction between semiconducting BaTiO3 and meta147’5?>

14) The study of optical properties by Sabur154)

indicates thet semiconducting BaTio3 shows an absorption
renging from 420 mu upto infrared region, and this absorption
characteristic is temperature independent, TFrom this he

concluded that band conduction does not take place here,

1.4.2: Single Crystal Deta:

At present there is no unambiguous evidence that the
PTCR is a property of homogeneous single crystaels or that
it is necessarily associated with the rare earth or similar
ions incorporated into Barium titanate lattice. Divergent

views have been expressed by different workers.

Goodman4o) has demonstrated that suitably doped
single crystals, grown by & veriant of the Czochralski
technique, fail to show a PTCR, even though ceramic specimens
made from these crystels do exhibit it, Similarly, Saburizs)
and thu63) also found no evidence of the PTCR anomely in
crystals grown from potassium fluoride flux, and doped by

either lanthanum or tantalum, Also HacChesney46)

could not
observe PTCR in single erystals of (Ba, Sr)TiO3 doped with
La and grown by Czochreslski technique. However, after

surface oxidation PTCR is developed, On the contrary
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64) reported PTCR in single crystals

Bodanov and Rassustin
doped with lanthanum, Brown42) elso observed PTCR
effect in BaT103 single crystals grown by the floating
zone method, and doped with niobium, According to
Takesh Tukeds,’') high electrical resistivity of BaTio,
gingle crystals grown by KF flux method, with low Gd+3
doping, is due to K+1 trap. However, when Gd+3 is
heavily doped to exceed Kf1 the erystals become semi-

conducting.

The PTCR effect is clearly observed in the case of
reduced BaTiO3 single crystels growvn by KF flux.26’38’41)
But the megnitude of the change was quite small as compared

to polyecrystalline samples,



1.5: Practical Applications:

15

The unique phenomenon of positive temperature

coefficient of resistivity anomaly in semiconductor BaTiO3

has led to several interesting epplications in the electronic

engineering field,

here.

66-68)

A few of these are briefly mentioned

Several examples of applications according to

cheracteristics are listed in Table-1,

TABLE - 1

- e e e e e e mm e e e e e e s S e e e e e e mm e s e e

Flat upto the trensition
temperature and very
steep rise of resistance
above Tc

(High PTCR)

Flat upto the transition
temperature T, and
fairly steep resistance
rise above T,

(Low PTCR )

Applications

As a Sensing element:
Thermal indicetor, thermal
regulator, fire alarm,

very sensitive measure-
ments of low pressures

( 107 mm~/Hg ) end high
gir velocities
( 10~2 mm/sec ), over-

heat protector,
contactless relay.

As a heat digsipator
Current limiter, current

stebilizer, voltage
stabilizer, automatic
volume control, relay
protection ete.

As 2 gensing element
Tempersture compensation
of electronic apparatus,
voltage stebiliser,
thermometer, humidity
meter, ete,.

As 8 heat dissipator
as in the case o
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Besides the above applications, two more novel

applicaetions have been recently developed:

1) Using the technigue of valence compensation, a part

of the semiconducting BaTiO3 sample may be converted into

an insulator, Thus a certain number of resistors and

capecitors, may be produced in one ceramic piece, This is

gimilar to the integration circuit in TV receivers.66)

2) Recently a new type of Capacitor having high
dielectric constant and low loss factor has been developed

by the diffision of thin monovalent ionic layer into the

semiconducting BaT103,69»70)
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1.6: Mechanisms for explaining PTCR anomaly:

During the past decade continuing and extensive

efforts have been made to understand the phenomenon of
PTCR and its anomaly. Several mechanisms have been put
forth. Sufficient information for deciding in the

favour of any one model is, however, not yet available.

An account of various models is given below:

1) SABURI'S TOCAL FIBLD MODEL; 4)

According to him doping with e rare earth and other
impurities leeds to the formation of the T13+ ions,

Comparison of the ionization potentiasl values, viz,

2nd ionizaetion potential of Ba = 9.95 eV.

3rd " " v rare esrths = 20.5 eV.

4th " " »w Ti Zem = 42,98 eV,
shows that a 3d electron is exchanged between Ti4+ and
T13+ ions in the lattice of a compound such as Ba%fx Lai+
Tiﬁ:z Tii+ Og- . The exchange or hopping probability of

electrons is large in the ferroelectric region owing to
local field consideration, but becomes very smell in the
paraelectric region when the local field is negligible. This

leads to the sudden decrease of carrier mobility and hence
— -

to the resistiv;}y anomaly adee the Curie point,
y 4 \ ) L
| 72-"7/ | .S‘_}'-]! 3!,&3_\‘, | Fju‘_'

ot Y BR
N ] 2

e
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By making use of the value of locel field at Ti ion
( 3.8 x 108 volts/cm as reported by Kinasess’57 ) Saburi
hes worked out the model ‘quentitatively. The field ET1
is essumed to exist in a wery short range near Ti ions
( = 0.05 A°),  Thus-he derived a numerical value for the
relative change in fesistivity at the t;ansition point

which agrees well with the observed one.

The sbove model predicts an abrupt change of
resistivity at the Curie point,vhereas, in practice, the
chenge is continuous in the range from 90°C to 175°C. To
explain this discrepancy saburi took into consideration
the fact that the tetragonality of BaTiO3 crystel is

maintained upto 200°C at grain surfaces as reported by

Kanzig.so)

». HEYWANG'S GRAIN BOUNDARY MODEL’®)

Heywang escribed the origin of the PTCR anomaly to
the graip boundary between the two n;type gsemiconducting
crystels. The grein boundery consists of a number of
surface stetes in which electrons can be trappgd and hence
a space charge is set up at the grain boundary, This space
charge constitutes a potential baryigr for conduction
electrons end the barrier width, i.e. its tailing off
distance into grains on either side, is agsumed to be @&

function of its dielectric constant.
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According to Heywang the relation for conduectivity

turns out to be

¢ = a5, exp. ( - @ /KT ),

where

0. = conductivity of the interior of grains
go = Potential barrier at the grain boundary,
k = ©Boltzmann constant
T = Temperature °x
¢ = 8 geometrical factor,

The potential barrier

2 2
en; r

Po = TEEg

where

e = electronic charge,

ny = number of donors,
€ = dielectric constant of bourdary layer,
€ = dielectric constant of vacuum.

Thus it appears that above the Curie temperature

the decrease of (G), according to Curie-Weiss law,produces



an increase in ¢o and hence the conductivity decreases
above the Curie point, This increase in the potential
barriers, with decreasing dielectric constant, continues
only until the surface states reach the Fermi level at

which point normal semiconductor behavior is resumed.

3., PERIA'S PIBZOELECTRIC STRESS-STRAIN MODEL261)

The strong influence of composition and processing
on the PTCR esnomaly suggests that microstructures may play
an important role in the behavior of these materials.
Several of the proposed mechanisms for the anomely, in
fact, are based on the character of ceramic microstructure.
Peria et 3191) postulate that the electrical resistance of
the inter-grain contacts in such titenate ceramics is both
non-ohmic and pressure sensitive. Consequently, the
piezoelectric stress and strain generasted at these grain
boundaries when the unit-cell dimensions change dig-
continuously at the Curie point, causes their electricel
resistivity to change abruptly. vhen the electricel
resistivity of such a system is measured &t & sufficiently
high a.c. frequency the grain boundary capacitance shunts
the high grain boundary resistence. One then finds a
resistivity several orders of magnitude less than that of

the d.c. case. This lower value represents the true or

bulk resistivity of the grains.
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The principel shortcoming of this model is that it
does not account for the absence of large PTCR anomaly at
the orthorhombic ; tetragonal end rhombohedral - orthorhombic
transitions, even though the accompanying changes in

lattice constents are larger than that at the Curie point.4o)
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1.7 Comments on Models:-

" All proposed mechanisms to-date describing PTCR
phenomenon and its anomaly are essentially based either
on Saburi's local field model or on Heywang's Grain Boundary
model; a description of these was given in the previous

section,

The two mechanisms are quite different from each
other. Saburi's model is based on the prineciple of valenge
controlss) in which the conduction is by a hopping process.
In this model, use has been made of the local field at
Ti ion, which is a function of dipole interaction and
sponteneous polarization, There fore this model has linked

the semiconducting and ferroelectric behaviour of BaTiOB.

The observed experimental facts supporting this
model are; (i) characteristic blue colour which proves
the existence of T13+ ion, (ii) very low Hall mobiligy

-2 cmz/v-aec., (iii) dependence of electric

A =10
conductivity on erystael structure, (iv) PTCR phenomenon
is not observed inngy other pervoskite type crystals
like KHhO3,(Pb, Co )/ete. vhere Baz+ and mitt are not

present together,

The serious drawback in this model is that it permits

the occurrence of the PTCR anomaly even in the absence of
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grain bounderies. The anomaly is not observed in semi-
conducting BaTiO3 doped with alkaline rare-earth oxides when
fired in neutral atmosphere, when the surface state§ at the

grain boundaries are absent,

As we have seen in the last section, Heywang has
successfully described PTCR anomaly with the help of a
model based on grain boundearies, It should,however, be
pointed out thet the idea of surface states, on which the
model is based, has been introduced only phenomenologically
and that only & scanty knowledge about their nature exists,
Many questions concering the nature of surface states are

gtill unanswered,

The pertinent question that cannot be answered by
this model is as to why PTCR phenomenon is restricted to

44) even

Ba‘l‘io3 based ceramics, As pointed out by Jonker
the highest value of the effective dielectric constant
i.e. 10,000, is not high enough to account for the high
conductivity exhibited by the doped titanate below the

Curie point,

A criticai study of the various mechen isms described
reveals that inspite of some m%%ures of success they cannot
be accepted entirely, Thus there is scope for further
work for the removel of these shortcomings, In the last
chapter, an alternative mechanismg based on the idea of

scattering of en electron by spatial polerization fluctuations,

hes been given,
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CHAPTERS-2

EXPERIMENTAL TECHNIQUE

2.1 Processing of positive temperature coefficient
Thermistors ( osistors")

It wes noted in Chepter 1 that there are a number
of factors which affect the PTCR phenomenon, The
resistivity in these systems is extremely sensitive to the
concentration of additives, to undesireble impurities in
the raw materials and to the sintering and maturing
conditions, This fact is attested by the complex
processing and composition procedures necessary to prepare

an optimum "posistor", ~>)

Here we will give an outline of the process followed

by us for producing the posistor.

The first step in the process is the weighing out
the ingredients in proper proportions to obtain the desired
end composition e.g. an illustration of a particular
composition is shown in Table-2, To compensate the
deviation from the stoichiometry ceused by impurities
present, correction has been made as shown in Table-2, Phase
equilibrium studies of the system Ral ; T1024) indicate
that compositions in which the T102 concentration is greater
than equimolar, an eutectic with barium metatitanate is

formed which provides liquid phase above 1322°C. The presence
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Table - 2

Typical Formuletion of Erbium doped Barium-

Strontium Titanate-

Compound Mol.Wt. Moles Corrected Wt.gms
i:;urity
BaCO, 197.37 x 0,895 x 1/0;99 178.4
SrCo, 147.63 x 0,100 x 1/0.991 14,896
Ti0, 79.9 x 1,005 x 1/0.99 80.7
Er203 382.4 x 1/2 x 0,005 x 1/0.99 0.9658

, . 14000
Fires to  Bay aq5 STy 1 By g5 T103 at 1400°C¢/1hr

of this 1liquid phase fosters the introduction of the dopant
into the crystal lattice snd also promotes the sintering
process. To achieve this we have added a slight excess

of Ti0, ( 0.5 mole % ).

Table-? gives the information about the purity of

raw materials used,

In order to eehieve uniform dispersion of dopant
throughout the bulk material = suiteble ball milling process
aye

is employed, details of whiehzhn_given in table No.4.
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Table - 3

Rew Materials

—

s o et e e o e e

Material Supplies and grade Major impurities
(mole % ) s
BaCOs E.Merck (Germany ) AR (l=0,002, N03 = 0,003,

S =0.0005, Pb = 0.001
Calcium & alkaline

i

sulphate = 0.1
Fe = 0.001
srio. Merck & Co.(N.J.U3A) Insol,HC Hzo = 0,025
3 99.1% 2
: G = 0.02, N0, =0.01,
Alkali = 0.05’ Sal't.s = 0.3
Ba = 0,02, Ca =0.4
Pb = 0,002, Fe = 0,005
63003 May and Beker (England) -
98 %
T102 Fluka (Switzerland) -
AG 99.5 %
Er203 Fluka (Switzerland) -
AG 99.9 %)
Table - 4
Mill Data
Type - Porcelain Jar (Indian)
Size - 1/2 1b (diemeter = 2.5 in )

Grinding medium Hard glass balls ( diameter = 0.65 in )
Number of balls 5 to 7
Wt. of balls - 35 gms

Wt. of materials - 6,8 gm substance + 20 c.c. water
(double distilled)

Speed of revolution - 60 r.p.m.
Dureation = 24 hours,



Mill size and type and size of grinding media are so chosen
as to provide the lowest milling time, the most efficient
mixing end grinding and the least contamination, The
folloving flow sheet illustrates the outline of the salient

features of the processing technique;

Raw materiels ( e.g. BaOOB, SrCO3, Ti0, and
doping element )

Weighed in proper porportions

- - o em = e e e e e e e e -

Qalcined in eir at 1100°C for
one to twd hours in platinum
crucibles.

White or yellowish erystelline, nonconducting blocks

Crushed and mixed thoroughly
in agate pestle and mortar,

- e - em e e = am e e e s em e

Dried and pressed into pellgts
at pressure of 10,0001bs/in
using polyvinal acetste binder
2%,

Fired at 1350-1400°C in air
for one hour on pletinum lids
at the rate of 100° to 200°C/hr

v
Dark blue semiconducting §g1193
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Experimental set up for D,C, resistivity
measurements
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2.2 Electrical Resistivity ( D,C., ) Messurements:

Te pellet thus prepared was fixed betyeen two
electrodes of the sample holder shown in Fig.2., TFor heating
the Sample an gir thermostat with a capacity of 5 litres
was constructed. The temperature was controlled by using
g 'Beckman' mercury regulaéi& To keep the temperature
uniform inside the whole thermostate, a suitable rotating

fan system weas applied,

Technical Data

Temperature range 25%¢ to 200°%
Regulating accuracy + 0.1%
Voltage supply 230 volts
Heating cepacity 1000 watts,

For measuring resistances of the order of 10'3 to 10°

ohms, Leeds and Northrup precision Jones conductivity bridge,

which incorporates the Theatstone's bridge circuit, was

used, For D.C. supply extemal standard cells of 1.5 volts
were used, A moving coil gelvanometer of lamp and seale
-8

arrangement ( sensitivity 10 aumm ) was used as a

detector.
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2.3 A/C Measurements -

2.3.1 Semple Holder

The pellets were fixed in between two electrodes of
the sample holder shown in fig.,3 which consists of two
stainless steel electrodes. One of the eleectrodes is
fixed by means of a screw and is insulated by means of a
high insulation porcelain bush made by Philips (GMBH).

This is the upper electrode. The other electrode is
movgable. The motion is governed by two guide pins, .
with the micrometer arrangemgnt at the end of the electrode,

This is the ground electrode.

The dielectric behaviour of the sample holder with
air as medium was investigated at various frequencies, The
contribution to capacitance and loss facfor measured at

50v/em is noted below at two frequencies.
1 kc/sec 10 ke/sec.
57 P£ ( 0.0034 ) 59 pf ( 0.0031 )

( figures in brackets refer to loss factors )

2.3.2 Heating System

A smell hole ( 3/32" ) was drilled into the stainless

steel electrode to act as a support for the thermocouple tip.



Experimentsl set up for A,C, measurements



A calibrated chromel;allpmel thermocouple was used to
measure the temperature with its cold junction placed in
ice. The heating was done with the help of two oircula?
band heaters ( San@wich type ) encireling the electrodes.
Kenthsl tapes ( 30.2 ohms per meter )! of 50 ohms
resistance each, were used for heater, The sides of the
gsample holder box were legged with Mg0 and asbestos powder to
minimise heat losses. The tempersture of the heater was
fairly constent at the centre where the pellet vwas placéd,

As stainless steel is a fairly good thermal conductor and

the thickness of the pellet being very small ( ~ 1 mm ),

the temperature of the pellet may be considered as uniform

and recorded accurately by the thermocouple,

A varisc ( 8 smperes, 220 volts ) was used to comtrol
the temperature, The temperature remained consttant

within + 2°¢ throughout the range i.e. upto 200°c.

A "PYE" ( made in Bngland ) porteble potentiometer
was used to measure the thermocouple e.m.f.. The acouracy
in this measurement was + 0.2 % for voltages from 5 mv

upwards,

2,3.3% Meeosurementa of dieleetric constant - A.c;resistivijx
their Dispersion and Barrier Layer Canacitance

For lower values of capacitance ( from 100 FF to

1.0 uF at 1 KC and 100 PF to 1150 PF at other frequencies )
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and loss factor ( 0,0002 to 0.56); the general radio

716;C 4ype capacitence bridge together with accessories
such as type 1340-B audio beat frequency generator, 1231-B
type null detector and amplifier with 1231—?5 type variable
filter was used. But this bridge could not cover the
whole range of A,C. measurements, For higher values of
capacitance and loss factor measurements, a "transformer
type - wide impedence™ bridge was constructed (Fig.4).
Electrical components used in this bridge were (i) carbon
resistors with accuraey + 5 %, (ii) decade capacitor box
'"0SAW Mo, 30331 (Indie); three diels of 0,001, 0.01, 0.1 mfd,
accuraecy + 5 %, (iii) low loss iron core transformer giving

linear response in the whole investigated audio frequency

region,

The above geherstor wes also used for digpersion
measurements upto 40 ke¢/sec. Hovever in the range 50 kc(sec
to 100 kc/sec, an audio generator [ Forbes Cambel and Co.
(India) Model 201;A with frequency accuraey + 5 % j and
Philips (V.T.V.M,) as detector were used,

Barrier layer capacitance meegsurements were done by
direct method at 1 Ke on G,R.Bridge. The position of
loss factor switch was kept on zero and an external standard
resistence box and a decade capacitance box were used for

balancing the signsal,



The capacitance measurements of the non-ohmic
barriers ( metal - semiconductor junctions ) were carried
out with the help of an auxiliary circuit for reverse bias

supply as shown in Fig.4,.
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2.4 Thermoelectric Power Measurements:

Specimens used for this were in the form of ‘
rectangular plates with dimensions ~1.5 x 0,5 x G,1 am,
The specimen wes held in & bressg block sample holder shown
in fig.5. OFf the two methods used viz, differential and
integral, the first was used for this measurements, The
technique consists in establishing the temperature
difference between two ends by heeting one end with a
microheater. The microheater is made of a spirsl coil of
nicrom wire ( ~ 30 ohms per meter ) of 20 to 30 ohms
resistance, This c¢oil was inserted in a small thermocouple
sheeth, A variac ( 8 sampers, 220 volts ) was used to control

the temperature.

The ambient temperature was varied by outer silica
tube furnace surrounding the semple holder. Proper care was

taken to avoidtthe sudden heat changes due to air flow,

The temperstures of both ends of the specimen were
measured by embedded chromel~alumel thermocouples just under

the ends of the recegses holding the ends of the specimen.

The thermo e.m,f, wes mesured on & high precision
vernier type D.C.potentiometer [ "KAYCEB" Bajaj elec.(India)]
capable of reading down to one microvelt. To determine the
sign of the thermo,e.m.f, a high sensitive moving coil galva-
nometer with lamp and scale arrangement was used., {Sensi-

vity of the galvanometer 10~8 amp s/mm )
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2,5 V -« I Characteristics Médasurement

(i) Circuit

A simple circuit as shown in Fig.6 was used, An
APLAB low frgquency generator type 05S-1 was used as a
power source. The frequency variation renge was 1/400 to
1/.0004, c.p.s. A Tektyonix type 515 oscilloscone was
used as a recorder. The voltage across the sample was

measured on the horizontal axis ( x axis )., The current

through the semple was messured as follows:

The voltage developed across a standard resistgnce,
in series with the sample, was applied to Yy -plates, This

voltege was converted into corresponding current value 'I'
by formula
V = R1I
where 'V' is the volfage developed across the standard
resistance R.
(ii) libration of the Oscilloscope:

The oscilloscope was calibrated with the help of the
square wave, calibrated output, supplied with the oscilloscone.

The calibration was done for both X axis as well as Y axis.

The photographs of the I-V characteristics on the
oscilloscope were taken with the help of oscilloscope cemera

(D, shackman & Sons, London) fitted with the oscilloscope.
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CHAPTERS-3

e

Experimental Results end Discussion of Semiconducting
Properties of BaTiQ3

3.1 Ceramic Properties of Semiconducting BaTyQB

From teble Nos, 5=11 it is clear that the semi-
conducting specimens are characterised by the blue colour.
Their crystallographic properties are coincident with those

of the corresponding members of Ba'l‘io3 dielectric systems,

No change in lattice constants of BaTiO3 due to small
percentege of dopings ( 0.05 to 0,5 mole % ) could be
observed by means of x-ray powder photographs., Tor
illust;‘ation, photographs of typical specimens are given
in Fig.7. Room temperature Debye-Scherrer lattice constants
for all specimens were as follows: a = 3,992 2 y C = 4,036 R

C/B, = 1,011.

%.2 i f Semiconduecting BaTi 3

5.2.1 Voltage Current relation

It is well recognised that the precticel applications
of this oxide semiconductor yould be seriously limited unless
an ohmic contact is obtained. Also the electrode contact
resistance effects act against the achievement of true bulk

property d etermination,
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Various models have been proposed theoretically
from quantum mechen icel considerations for explaining a de
ohmic contact between & metal and a semiconductor, Pheno-
menologically such a contact is, of course, defined by the
fact that it obeys Ohm's law and fulfils the following
criteria:1) (1) the threshold voltage for zero current is
negligible with respect to the applied voltage and (2) the
proportionality factor between current and voltage ( i.e. the
conduectivity ) does not vary measurably with voltage., Both

conditions (1) and (2) must be satisfied within a reasonable

voltege range,

An exhgustive list of the materials end processes
tried fqr semiconductor BaTiO3 has been given by Sauer and
Flachen.g). Flaschen and Van Uitert3) successfully studied
the low contact resistance behaviour of indium alloys. Sauer
and Turner4’ showed that electroless as well as elect;oplated

nickel contact with heat treatment proved to be ohmic,

In the present work, we have used indium-mercury electrodes.
They were examined to ascertain whether they satisfied the
above criteria for ohmic contacts throughout the temperature
range of study., An exXample of the data obtained is shown
in Fig.8. It shows clearly that the contacts are ohmic in the
whole temperature region (25°C to 20000). Thus the measured
resistivity is the true bulk resistivity of the polycrystalline

samples,
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3.2,2 D,C,Resistivity:
1. The Bffect of Doping Concentrations on Ba’J.‘:LQ3

The additives were Brbium, Terbium, Dysprosium,
Lanthanum, and Niobium, ell of which had turned the ceramic
barium titenate into semiconducting systems., From Fig. 9
it is clear thet the semiconducting region.is restricted,
within a narrow range of doping percentage, It also
depends on the type of dopant, Outside this range the ‘
recsigtivity becomes very high and semiconductivity disappears,

The specimen resistivity was calculated by using the

relation,
f= R(A/L) (3,1)

f = Specimen resistivity ( Ohm-cm )

R = Electricel resistance ( Ohm )

A = Electrode surface area of specimen ( cm2 )

L = Thickness of specimen ( cm ).

5) 6)
Sauer gt.al:’ and Tennery et.2l. ’ gave a possible

explanation for the narrow region of semiconductivity and
for the high resistivity of the highly doped specimen in
terms of the limited solubility of the rare;earths and the
precipitation_of a non-conducting phase at higher impurity
concentration, But according to the work of Johnston 21.31.7

Kainza)

and Ueda et g;?) the solubility range for a solution
of barium titanate vwith rare earth is quite high ( about

16 mole ¥ ) compared with the semiconducting range .



1 1
120 140

BEMP. SC-——>

1
20C
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Semiconducting Barium Titanate containing
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The appearance of the ferroelectric hysterisis curvesg)

show that the precipitation of non-conducting phase is

questionable,

The other possible explanation for the high resistivity
can be obtained from the work of Jonker.10) Invoking the
Mass-action Law he has shown that at higher concentrations
the foreign ions are compensated by metal ion vacancies.
These cation-vacancies have acceptor characteristics and
lead to a decrease in electron concentration and increase

in resistivity.

2. Temperature Dependence of Resistivity:

We see from Fig,9 that the semicondugting region
differs from dopant to dopant, whereas Fig.10 shows the effect
of the type of additives on the resistivity temperature
character of semiconducting BaTiO3. The prOportiQn of each
additive teken was 0,3 mole % of the base material, Further
it turned ceramic Ba’].‘iO3 into a semiconductor which exhibits
PICR effect., Though the percentage doping is the same, the
room temperature resistivity and the magnitude of PTCR anomaly

are different for, each additive.

3. PTCR Anomaly:
As elready remarked in Chapter-1, the positive

temperature coefficient of resistivity (PTCR) anomaly is
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Table No,5

Ceramic and Electric : Data of Compositions in the system Ba1_xErxTiO

3
Sample Chemical formula Fir- 3oak : Colour Curie Resisiivity Temp, max AE, B Lattice
Yo. ing ing point at 25°C Of“max temp. (eV) (eV ) Paramsters
Tem time - o] coeff- at 25°C
P (H ( - ,cm) o g
(gc) (hr) c icientofr ey - -
- a-axis c-axis
%/0¢C 1 )
B r ™40 Hen 2 by tellwwish - 710° = - - = - -
B 89.999570.0085 03 gray
: Gray - " - - - - - -
" n
E, Bay.9995T, 0017103 ,.
N ; Gray - " = - - - - -
B, B2 998557 00157193
" - Ivory - " - - - - _ "
34 Ba,ggSEr.OOZTiOB gray
Gray - b - - - - - -
Be Er Pi0 " " )
a . 02
% BaTs8,0085™9 Jluish = 1.2x10° - - & - 3.992  4.036
B Ba o,,ETy 005T10 " " gray
g »39%.70,003 3 %-light 122 56,58 x 10° 123 36.13 0.085 0.099 . "
Ba Br Gio . " ue
51 .99657.0035°7"3 Plue 120 24.64 x 10° 125  16.53 0.049 0.26 " "
Ba Er 710 " "
fs .99677,0047773 Jgilrk 120 90.0 130 42,13 0.039 0.13 " "
Ba Er 710 . " ue
% .9955 00045 3 n 118 217‘6 128 42.73 0.04 - n "
Ba ir 740 . " )
B0 .995°F,005 "3 . 120 696.0 126 16.5 0,058 - . "
’ T '0 " " -. = . R
By Pa 99455 0055 103 " 120 1.2 x10° 125  33.41 0.049 - " "
) . - ” n
P T8 994 % 0067103
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a specific property of semiconducting Barium titanate., It

was Tirst observed by Haayman et g;.12)

In the present series of investigations, seversal
systems ( Binary and Ternary ) have been prepared to study

the above property in deteail,

System - 1: Ba1_x Erx TiO3

Compositions containing erbium from 0,05 to 0.8 mole %
were studied, Compositions and some physical properties for
each sample in the system are listed in Table- 5. Upto E6
( 0.3 mole % Er ), the systems were almost grey in colour, In
the intermediate range ( 0.3 to 0.55 mole % ), the compounds
were blue in colour, This is the semiconducting region, The
blue colour faded with incressing proportion of Er, X-ray
data for 2ll specimens were similar indicating that doping

did not lead to any detectable change in lattice parameters.

Bvery composition in the system has the same value of
Curie temperature ( ~ 120°C ), ( cf. Fig. 11) as observed
in the case of undoped ceramic BaTiO3. The PTCR anomaly

starts et the Curie point for all systems,

The resistivity below the Curie point follows the

relation of

s B, )
f= g exp (=57 ) > (3.2)
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where

§ = resistivity (ohm-em ) at temperature T(°K)

%

resistivity intercept ( extrapolated ) at

infinite temperature.
ARy = Activation energy
k

= Boltzmann constant

The activation energy is calculated from the slope of the
plot of % Vs 1o%f . ( cf, figs, 12, 13 ). The value of
activation energy lies in the range of 0.039 eV to 0.085 eV,

Just below the Curie point the resistivity begins to
increase and within a short range of temperature it shoots
up by several orders, In some cases, it becomes more_than
hundred time higher than the value &t room temperature, From
the Figure 11 it is clear that in all cases the principal
portion of the anomaly lies in a short range of temperature,
restricted to Curie region, Then follows the region of
continuous increase of resistivity., This is a broad range of
temperature ( n;125°c to 180°C )o As temperature is further
increased, resistivity_begiqs_to decrease and it follows &

relation similer to (3.2) i.e.
¢ = fo exp (Ag:2/1c'l‘) . (3:.3)

¢5E2 in the paraelectriec region ranges from 0,1 to 0.26 eV
( cf. Table No.5 ). It can be noticed that AE, is nearly
five times higher than A>E1.
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The deerease in resistivity at higher temperatures is
not common to all ceses, In gsome cases resistivity goes on
increasing continuously for reletively larger temperature

range,

The temperature coefficient of resistivity is calculated

from the following consgiderations:

The initial relation between a ( «{the tempersture
coefficient of resistivity ) end the resistivity is given by

-

£ " s (3.4)
aT = T2 - T1, the temperature difference.
As
df asT
g ow LS
Therefore
1 4 1 _—gAT asT '
- = = e X0 @« e = @& {3.5)
3 fo

which by definition is the temperature coefficient of

registivity.

Now equation (3.4) can be written as

“h '-h%z' = aAT (3.6)



Table No.6

Ceremic and EBlectric Dgta of compositions in the system (Ba, Sr) Ti()3 + 0.5 % Er

Sample Chemicel formulsa Fir- Soak- Colour OCurie Resistivity Temp., max 4B, 4B, Lettice
ing ing point at 250C “n:;x temp. (. (ey) Perameters
Temp, time °c ( -o.cm) q coeff= at 250C
(%) (hr) Lot T T
S ax a-gxis c-axis
%/°c
) * Dark 105 963.0 112.5 32.21 0.044 0.198 3,998 4;035
Sy (Ba 55T o5BY (45) Ti05 1400 1 h1 1y
Dark 70 72,0 100.0 8.5 0.065 -— 3.994 4.026
" n " . =
32 (Ba. 895br. 1081"005) T103 blue
‘ Bluish 60 11.3 x 10* 65 - - - 3.979 4.011
| = Ll "
S5 (B& 99557 0BT go5) T105 L
Ivory - 5 x ‘lO6 - - - ' - - -
" n
Sy (Pag 69557, 35, 0o5) 1103
Gray - )106 - - - - - -
: " "
S5 (Beg, 595575 4 BT g05) 7103
Gray -  8.0x10° - - - s - -
\ " " =
¢  (Bag 49557, 587 go5) 1105
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where
j; = Tresgistivity at T2 °k say
fﬁ = Tresistivity at T1 %
There fore
. %
—= 1n = o
a0
or
—-—-———1 108 —'& = o (3-7)
0.434347 5

The maximum temperature coefficient of resistivity (amaz)
was calculated from equation (3.7) at the steepest portion

of the plot,

System - 2: (Ba, Sr) T:I.D3 + 0.5 mole % Br

Here the effect of the partial substitution of Ba2+

24

by Sr on PTCR behaviour has been studied,

Compositions containing 5 to 50 mole % of strontium
were prepared, Compositions and electrical properties are
summarised in Table 6, Semiconductivity property was
exhibited upto 20 mole % of strontium, afterwards as the
proportion of stroptium was increased, samples became

non-semiconducting,
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With increasing strontium the Curie point shifted
towards a lover temperature. The effect is similar to

12)

that rgported by Dungan et a1, in the case of undoped

system,

The resistivity versus temperature curves of gemi-
conducting samples are shown in Fig. 14. Below the Curie
region the behaviour is more or less similar to the system-1.
In each sample of the system, the resistivity anomaly occurred
in gorrespondence with the Curie point, therefore the
resistivity anomaly temperatu;e shifted to a lower temperature

with an increase in strontium,

One can casily see the essentiel difference between the
resistivity ; temperature characteristics of the two systems
( cof., Fig. 11 and Fig. 14 ). The PTCR anomaly in this
system is not as sharp as in the system - 1, The increasing

percentage of strontium seems to suppress the anomalous effect.

The values of activation energies in both paraeleetric
and ferroelectric regions are calculated from the slope of the
plot of -% Vs 1ogj° ( Fig,15), From table 6 it can be seen
that A AR, is nearly five times higher than de1. This

change is sgimilar to system-1,

System - 33 (Ba, Ca) ‘1‘103 + 0.5 mole % Br

Mcquerrie13) and Roy et 3;14) have reported about
the dieleectric properties of (Ba, Ca, Sr )Tio3 system. Here

system=3 has been madc semiconducting by doping 0.5 mole %

of erbium,



Ceramic and Electric Tat of Compositions ir

Table No,7

Sample
No.

- ER = s e em oy an e o we wr wm S s ww s

Chemical formulsa

(Bay 94508, 05BF, oo5) 1105

(585,845C8 , 1587 gp5) 1405

(Bag 795C8,, oBT, 05) T104

(B8y,745% , 2587, 0os5) 1105

(P2 695%3, 3B%, g05) 1105

Fir- Soak
ing ing
Temp., time
( o4) (hr)
1350 2 hr

n n

n n

n n

n "

Plour Curie

poiqt

®c

ark 120
lue

rayish 120
lue

n 120

ellow -

rayish =
iolet

+ 0,5 % Br

'la)Ca)TiO3
Resis max 4E1 A32 %aitici
at 25 tem arameters
( - cge?f (eV) (eV) at 25 C
4 jedent @000 a m w mmeao-
o OF e-axis c-axis
max
(%/°C) 3 £
sTlx ' '
’ 13.09 0.079 0.159 3.977 4.023
3.71 x :
26.57 0.079 0.139 3,963 4,009
>
>
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The ceramic and eleetrical data have been given in
Table~7. 20 mole % of celcium content is the uppermost

limit for semiconductivity.

The effect of partial substitution of barium by
calcium on the resistivity temperature property can be
undergtood by a comparison between Fig,16 and the plot of

X =0,5% from Fig.11., The following points are noticeable.

1) The nature of resistivity tempereture characteristics

is quite similar in both cases.

2) Slight rise in the Curie temperature takes place due

to the calcium content,

3) The activation energy is increased as calcium

percentage ls increased.

Thus above experimental findings regarding the PTCR
behaviour of the three systems lead us to the conclusion
that whereas the strontium content does affect the PTCR
enomaly behaviour, calcium does not affeet it.

tem :+ Ba - '.T."bx Ti0

1- >

Syst : Da,_, La  Ti0,
Sygtem 6 Wa1_x Dyx 'I':LO3
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Ceramic and electrical properties of the above
systems are summarised in Table Nos. 8 to 11 and their
resistivity_temperature characteristics are shown in

Figs, 18 to 22,

Though the resistivity at room temperature and the
megnitude of its anomaly at the transition temperature
differ from system to system, the PTCR behaviour is identical

as in the case of system-1,

3.2.3: Bffect of Frequency op PTCR:

The temperature dependence of 'f with frequency as a

parameter for some of the systems is shown in Figg. 23 - 26,

Measurements were teken only at two frequencies: 1 kc/Sec
and 10 ke/Sec,» U"ith increasing frequency the PTCR behaviour

is suppressed,

This frequency dependence of resistivity has been
fully expla ned in section 3-3-2, The dispersion behaviour
has led to the assumption that the semicnnducting'&aT103
behaves in a2 manner equivelent to a circuit composed of a
number of parsllel resistive and capacitive elements
connected in series. Therefore the change in resistivity
is frequency dependent; as frequency increases capacitive
conductivity becomes greater than resistive conductivity

and hence resistivity falls,



n_) .

3.5 A.C,CHARACTERISTICS

3.3.1 Variation of Dielectriec Constant (&) with
Temperature.

As mentioned in Chepter-1 (Sec 1.6(2) ) that the
regemblance between the temperature dependence of dielectric
constant of undoped BaT103 measured for high field
( ~3 kV/em ) and logarithm of the resistivity in semi-
conducting BaTiO3, led Heywang to relate the conductivity
in semiconducting %aTiOE to a potential barrier. The
barrier height is a function of the dielectric congtant of
the systenm, On the other hand some investigators believe
that the ferroelectric character of BaT:LO3 is responsible
for PTCR behaviour, Saburi's hopping mechanism is based on
the local field at Ti ioms which is a function of dipole

interaction and spontaneous polarization,

Here the dielectric behaviour of both doped and
undoped BaTiO3 especially with regard to its temperature
variation has been investigated, Applied field for both
was ~ 10 v/cm (a.c.). The resistance and capacitance of
semiconducting samples were measured in parallel and from
their geometry corresponding values of resistivity and

dielectric constant were calculated,

By definition the dielectric constant of the material

is given by

€= /T, (3.8)
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vhere Cx = the capacitance of the sample and Co = the eir
capacitance, the gap and surface area of contact electrodes

being the seme in both mses,

Now
C, = ML (3.9)
€, = dielectric constant of vacuunm
A = +the surface area ( cm2 )
L = thickness ( om )

Subatituting for ¢

C, = 0.0835 A/, (awuf-em ) . (3.10)

Therefore (3.8) gives
e = 1_1:23?1-._; CI (3.11)

The plot of dielectric constant of the undoped
BaTiO3 versus temperature has been shown in Fig.27. The
behaviour is similar to that reported by McQuarrie15) and

16)

von Hippel. Above 120°C the dielectric constant

obeys the Curie-~Veiss law as given by
€= ¢/ T-90) (3.12)

where C = Curie constant ( ~ 1.5 x 105 degrees ).
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© the Curie point, lies in the neighbourhood of

the transition temperature,

For comparison, the variation of the dielectric
constant as a function of temperature in semiconducting

semples has been shown in Fig, 28-30,

The dielectric constant has a sharp peak at the Curie
point, the height and exact shape of peak depends very much
on the texture of the material, However, in this region
( i.e. above the Curie point ) the dielecetric constant
exhibits the same response with tempereture as it does for
undoped BaTiO3, but its velue is 10 to 100 times higher,

depending on the composition,

Now consider the region below the Curie temperature.
The apparent dielectric constant decreases from its high
peak value to the volume dielectric constant which is

independent of temperature.
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3.3.2 Dispersion of resistivity and dielectrie
constant at audio frequencies:

Analysis of the electrical properties of semiconducting
BaTiO3 has been approached by taking into account the study

Yi=39) In fact Heywang's

of the dispersion phenomenon.
grain boundery model and Peria's stress-strain model are
based on above considerations, Koopszo) observed this

phenomenon earlier in nickel zinc ferrite,

Figs. 31-35 depict the dispersion in the dielectric
constant and the resistivity. These effects have been
interpreted by Koops as the result of an inhomogeneous

dieleetric structure discussed by Maxwell.21)

According to Koops, a good phenomenologicel theory of
the dispersion can be given on the assumption that R eand C ,
the parallel resistance and capacitance of the material,
result from an egquivalent circuit as ghown in fig, 3.1 in

in which R1, R2, C1, 02 are constents, Since electrode

QT Ré _[ .
|

i R |

Fig.(3.1): If the right hend circuit is equivelent to the
left hand ome with C1, Cp, R1, Rp constamts,
then cp, Rp are not constants vith respeet to
frequency, but obey dispersion formulae, (R fter
Koops)
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contacts are ohmic, there does not exist any barrier layer
between the material and electrodes. AJC. theory predicts
that Rp and Cp then obey dispersion formulas given in

( 3,13 ) and ( 3.14), This is equivelent to a solid state
model consisting of relatively good.conducting grains
separated by poor conducting layers, The dispersion _
equations that Koops derived from a consideration of Fig,3,1
are represented by

o, hF (3.13)

b= Bt e
with
o hHLg+x6)° §
= 2T ixr & )
)
0 3
= xA + 15 ) (3.14)
c %%
! 2
. s e ﬁfé(ﬁ[ﬁ*’x@"ﬂ g
! ° xf * f2 ) .
Similerly,
€ = 6 + S . (3.15)
P P 1 +%%cf
etc.
where

parallel resistivity

1

B

€p = parallel dielectric constant
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@ .o = -
ﬁ)’, ép high frequency values of f;’) and % respectively

B i
qu e low freguency values of 7% and % respectively
’?}’;tré = relaxetion constants forf and € Trespectively

w = anguler frequency

Let x be the ratio of the thickness of the layers to
the thickness of the grains, and ﬁ, )02, (i and €, denote
the resistivity and reletive dielectric constant of the

layers end grains respectively. Suppose x £< 1,

If the measured /; and €1, are to fit the
dispersion equations ( 3.13) and (3.14), it is necessary to

meke an additional assumption, Tet this be
G‘ = é2 (3.16)

This assumption is based upon the knowledge that the t rue

dielectric constent of verious oxides is glmost the same,

Since x <K1 and f§ 35 f equations ( 3,14) are

reduced to i

f

i+ f

b €[ f’12f2/ (xpy+ 5 111/
A

1+7/‘t?.60

ﬁ?
4
‘ﬁ'o

N et e Nl A i P
-

frp = f2 7

2
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In figures 31 - 35, experimental as well as calculsted

(3.18)

T o
"

Nt Nt e NN N TN I A

values are shown, Investigations were carried out at different
temperatures through the PTCR range. Dashed lines were obtained
by equations ( 3.17) and (3,18) using the velue for /%Jf% .

7} sy €, etc. summarised in Table No. 12. The agreement
between calculated and experimental values below the Curie

point is good,

A sharp rise in the resistivity at low frequencies
(J%o ) occurs above the Curie-point and s the frequency is
increased the values are lowered and tend to a constant
value (f;w ). Trom equation (3.17) it follows that if the
change in JOZ (: ﬁ,m) is smell, the sharp rise in f; must
result from the increase in xj% and since x is ({1, fﬁ must

be high, This is in agreement with the model proposed,

The deviation between calculated and measured curves
is greater for temperature above the Curie-point., These
deviations may be accounted for by postulating that the
variations in the properties and the thickness of layers

give rise to a number of relaxation times.
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3,4 Thermoelectric Effect

Since Hall data were not readily attainable for semi-
conducting BaTiO3 due to its thermal noise, spurious piezo-
resistance signal end very small Hall voltage, thermoelectric
power measurements were utilized here to determine the nature

of the majority carriers and their concentration,

Seebeck was first to discover this effect. He found
that an electromotive forece is developed when two wires of
different metals are joined together end their two ends are
maintained at two different temperatures., The Seebeck

coefficient («) is defined as

« = 4dvy_, / 4T (3.19)
where

dv,_, = e.n.f, across the junction ( thermo e.m,.f.)

ar = temperature difference.

If the pBlarity is as shovn in Fig.3.2 the ebsolute thermo-

electric pover of 1 is greater than 2,

i1 i sl ey TEAT

- —— T
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The Seebeck effeet may be thought of as a diffusion
process, The electrons or holes from the hot end have higher
kinetic energy as compared to those from the cold end and

hence electric current is produced.

For monovalent metals, quantum theory yields the
following relationship for a22)
2,2

x k 7 '
a4 = [E + ( Q) ] (3'20)
where

k = Boltzmenn's constant

T = absolute temperature

e = electronic charge

Ef = chemical potential of electrons which in case
of metals is equal to the Fermi level cnergy.

1 = mean free path length of electrons with a

kinetic energy.

For semiconductors with two types of carriers « is given by

2( 2xm* K1) 3/2

h3n
e

2( 2nm xry /2
. 1], (3.21)
W,

where ¢ =electrical conductivity, .u_  anda, are electron

k
o = {.uene[ A+ln

~mn [ A+ 1n

and hole mobilities respectively. A is a constant and depends
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on the scattering mechanism, m; and mﬁ are the effective
mass of electron and hole respectively, n, and n, are the
respective electron and hole concentrations, h = Plank's

constant,

For semiconductors with current carriers of one type

only

o( 2nm*icT) >/ .

ﬂ'-a'l':'(A-l'ln 3
€ h’n

The experimental results of thermoelectric power as a

function of temperszture are shown in Fig. 36-38, The thermo-

electric power is calculated from the expression

T1+T2
at Toy =—73—

“=(T%5E.‘ )p
1772 av

The thermoelectric voltage was read by measuring the

potential difference between the copper wire electrodes.

The thermoelectric date are therefore relative to copper.

It is observed from Figs. 36 - 38 that the thermo-
electric power remains more or less constant below the
transition temperature but changes its sign at some tempe-
rature beyond the Curie point?ﬂ%ecomes positive. This shows
that in tetragonal phase semiconducting BaTiO3 is an n-type
semiconductor wherees in cubic phase it becomes a p-type.

Tennery and Cook have glso observed this conversion.gs)
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farrier Concentration Calculated by thermo e.m,f.

measurements

system: Ray o955570 00457103

e T e et

Tempe rature % 37.5 54.0 73,0
Carrier

concentretion

( n)) x 1018 1.45  0.89 1,47

Temperature °c T70.0 T7.3 107,0
Carrier

concentration

(ag ) x 107 6.98 8.1 10,1

- e e e o o e e o et wm R wmm e wm A e e

Temperature °G 52.5 64 .5 83.0

Carrier
Concentration

(n ) x 10" 0.79 0.87  0.87

L T T S S —

113 126
1.4 1.8
112,0

8.9

e e

107.5 125.5
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Table 13 ( continued )

System: Bag 9970 0037103

e N e s M W WS am AP AW W MR W GIR WIS SN e R M MR G W M G e e e me s e we

Temperature °C 50.0 62.0 75.0 104.0 1215
Carrier
concentration
(n,) x 1017 1,03 1.2 1.3 1.5 2.02
System: (330.9453rb‘05Erb'005)T103
Temperature °C 51.0 65.5 80,0 108.0 125.0
Carrier
concentration . . ,
17 .
( n, ) x 10 0.89 0.85 1.07 g - e
- W G WS e W W e R e e -.——-—i --------------
System: (Bag gq55Ty 108, 005) 1105
Temperature °C 41,0 65,0 84,5 106.0 122,0
Carrier
concentration

(n,) x 10" 3.00 3.6 3.4 3.08 2,50

e T Em Gae WS W e N e e i e e S e R AR GeR W G A W e e e G R e e e e
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The formula used to calculate the value of nc was
derived from equation ( 3,22)., Taking the value for A = 2,5

and rearranging the terms, equation (3,22) becomes

log n, = 3/21log T - 0.005 a + 16.76 (5.25)
( in C,G,.S.units)

L to 1018 / cns. The order

The value of nc lies between 10
of n_ thus obteined is similar to that reported by saburi’t)

and Tkushima et 81%7) ( of. chapter-1 )

The vealues of carrier concentration (_nc ) in the
ferroelcetric region, are listed in table No.13. From the
deta obtained it cen be concluded that the carrier concentration
remains constant upto & certain higher range beyond the

transition temperature,
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3.5 Non Ohmic Metal-semiconductor contact behaviour

3.5.1 Rectification phenomenon

When a metal and a semiconductor are placed in conteact,
electrons flow because of their intrinsic difference in work
functions till the two Fermi levels equalize resulting in
the curving of electron energy diagram of the semiconductor

Fig.39. We are describing the cgse of an n-type semiconductor.

For ¢m Z ﬂs ( ﬂm and gs being the work functions
of the metal and the semiconductor respectively ) electrons
flow from the metal to the semiconductor and are accumulated
at the interface. In case the contact is ohmic the flow of
electrons is symmetrical in both directions of the applied

voltage,

On the contrary, when ﬁm > ¢S electrons flow from the
semiconductor to the metal till again the two Fermi levels
equalise. This exposes ionised donors near the interface
and a depletion type positive spece charge region builds up.

The width of this region is obtained from the solution of

Poisson's equation

2
ay = (3.24)

E;E B B € &

vhere

fiX) = the charge density at a distance x from
the contact,

-3 = the dielectric constant of the semiconductor

=N = the permitivity of the space.
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Congidering the simple case where the space charge
region is only due to the ionised donors, the depletion

region width X4 ig obteined by solving { 3.24 ),

2€c (V + Vg ) -
g = [ 2 aN = ]1/2 (3.25)

vhere

' = applied voltage

Vy = diffusion voltage given by ﬂm -2X (Xbeing
the electron affinity )

N = 1ionised donor density

q = electronic charge.

The diffusion potential VB offers a barrier to the flow of
electrons from the semiconductor to the metal, If a positive
potential is applied to the semiconductor Fig.39-b, the

electrons have to cross the contact potential barrier,

A A (3.26)

On the other hand for a negative voltage V applied to
the semiconductor Fig.40-C, the barrier to electron flow
reduces to VB~V resulting in an easy flow direction ( forward
biss ). In the former cese the system is said to be under
reverse bias, This phenomenop is known as the rectifying

property of the semiconductor,

An overall voltage current characteristie for typicel

compositions of semiconducting BaTiO3 is shown in Fig.40-41,



The easy ( or forward-bias ) direction occurs upon the
epplication of a negetive voltage to the In-Hg (Ohmic)

contact of semiconductor and the difficult ( or backward-biag)
direction occurs when the applied potential becomes positive,
This is in accordance with the above expectation. Therefore,
it is confirmgd that the semiconducting BaT:I.O3 is an n-type

semiconductor,

The theory of Schottky field emission predicts a

current dependence given by

AT? exp(—‘g—)exp[z% (L 1/2], (3.27)

I = T e,
where
A = Richardson constant
@ = metal semiconductor work function i.,e. barrier height
k = Boltzmann constant
g = electronic charge
T = absolute temperature

F = contact field in V/em

& = relative permittivity in the space charge region,

For Au-CdS diode, Zuleeg and Muller23) have shown that

the current density J reduces to

J =3, exp (1,47 x 1072 ( B/c)"/? at 300% , (3.28)

where

jo = AT exp (- g / XT)
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The electric field strength ( E ) at the contact will be

a function of the space charge configuration in the crystal.
If the interior of the crystal is charge free or if the
surface space charge layer is of Mott typez4)_then E should
be directly proportional to the average field, Physical
reagons thet E may not have exactly the value of the average
field heve been discussed by Muller25). Briefly, these
reasons stem from a nonideal surfece, from an inaccurate
knowledge of the emitting surface-area. These effects act
to meke the contact field appear to be larger than the field

calculated for the idealised situation.

It is possible to formulate an expression for the
contact field as a function of bias from considerations of
the nature of the barrier layer formed at the junction between
the metal and the semiconductor, According to Zuleeg and

Muller23, for a Schottky barrier

J=d exm [ 3.45x107 g2, (wvp)t ] (3.2)
( in the case of Cds),

where B accounts for a nonideal, imeage-force emission condition,

Thus Schottky field emission current reaquires that the

plot log J Vs V% should be linear,

Figure 42 shows a representative graph. The values are
obteined from the interpolation of Fig.41-6 and listed in
table No.14. It indicates that under forwerd bias conditions,

Schottky emission takes place.
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The effect of temperature on rectification phenomenon
has also been studied. Figs. 40-41 show that upto the Curie
point ( o ) the nature of voltage - current characteristics
remains the seme, Above Tc rectification repidly vanishes
and Schottky field emission current is decreased. These
results stemp from resistivity anomaly above the transition

temperature .

Table No,14

Voltage - current values interpolated from Fig.41-(6)

( Forward bias )

Current (J) Voltage (V) log J vi
(M.A.) (volts) x. 10~
M.A.
2.0 1.0 3.010 1.0
4.0 1.4 6.021 1.086
5.0 1.5 6.990 1.109
7.0 1.7 8.451 1.140

8.0 1.8 9.031 1.157
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3.5.2 3Barrier layer at the junction between metal and
semiconductor:

In the case of & nonohmic metal-semiconductor contact
the electron depletion near the contact gives rise to a space
charge region., A direct method for studying the contact
space charge configuration is the measurement of capacitance

as & function of applied d.c. bias,

such measurements performed on many compositions of the
semiconducting BaTiO3 have indicated that a variable-width
gchottky barrier exists at the rectifying junction in ell
cases ( ef, Figs. 43-47 ). For a2 unformly digtributed spsace
charge, the capacitance C should vary with bias volteage

according to the relation:

C = A ( j%é%%;:%?j )1/2 ( m.k,s. system), (3.30)
where
A = contact area,
Nd = donor density
= applied reverse bias voltege
VB = diffusion voltage at the contact
g = electronic charge

Hence in the case of 3Jchottky type barrier a b1ot of 1A02

versus reverse biasg voltage should be linear.

From the slope of the graph the donor density can be

calculeated by using the expression:



Table No.15

Donor Density caleululated by Barrier TLayer Capacitance Measurements

Carrier Concentration ( n, )

- e am e e o e Em em = e oae e E S R TR S S Sk aa e e s e W T o e s ke v e M e e e eh me em ew dm e e v e . e e e e e

x 10'% x 10 ”
x 10 x 10

Below transition temperature ! Above trensition temperature
———————————————————————— '..; A wE A S e A e s MR R G B G S S M e M ey S R ik R R o A wm G e e ae e
' &
sample 25°% 75°% 82% 100% 125% , 128%¢ 130%  132%C  149%  150°%  160% 170% 178°%¢  190°¢C
Q- Y
— - — - - - - — - - v - | —~ - - e~ - — - - — - — - - - - —-— P -
i
B 1.83 - - 1.8% 1,75 ¢ - - - _ -
i X 1017 X 1017 x 1017 ' - 9’8616 i 3
\ x 10
)
E, 4.294‘6 - - 4-1316 i : 2'2716 - = - - 1.5 e - &
x 10 x 10 L x 10 x 100
. , _
T 3097 - 2:97 - S
? 1016 x 1016 CT B B T B B - B
' x 10
N 1.5 " - 1.5 - ' ]
5 | - - 6 - - - - - -
£ 1016 « 1016 l 9.7 15 _ 1.591
r x 10 x 10
Se 2,66 - - .66 - ! . }
< 1016 - Tt - - - = 1.0716 " 2 1.0916 -
. ’ i x 10 x 10
Cy 1.88 1.88 = - - ! : ‘
6 1 - ~ 1,45 = = 1,13 - & -
{
f
]
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Table No.16

Carrier concentration by thermo e.,m,f, and

Barrier layer Capacitance

- e wm tm um e e mE me mm we wm S W S mm R M3 S e W o mw S e mm am mm e e

System Qarrier concentration by
( ng
Thermo Barrier
e.nm, T, capacitance
(mean value) Value at 25°C
18 17
B2y 9955570, 00457103 1.2 x 10 1.85 % 10
X 1T ' 16
B8y 99457%, 0055103 8,5 x 10 4.29 x 10
, 16 ‘ 16
P80.9975"°0.0025 7205 e T 3.97 x 10
. 17 16
Ba( Ty 9975%%, 0025 )03 3.1 10 1.5 x 10
(384 el BT, - )P0 2.5 x10'7 1,88 x 1018
0.795" 20,270,005/ **V3 : .

‘ 17
(Bey_ 895570, 105%0, 005) 103 3.1 x 10 2,66 x 10

s e e D s SR s em em e e ee e TR e e e Se e e S we mw  am o e S e e e
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N, = e ] ( 3.31)
A qéreb m :

where m = slope.

Values of Nd thus obtained et various temperatures

are given in table No,15.

This study leads to the conclusion that the carrier-
concentration remains almost the seame throughout the

temperature range of PTCR,

For comparison, the values calculated from taermo e.m,f,
end barrier layer capacitance measurements are listed in the
table No,16. Values obtained from barrier layer caepacitance
measurements are near about 10 times less than those obtained
by thermo e.m.f, measurements, An inaccursge knolwedge of
the emitting surface area and the formation of a non ideal
Schottky barrier at the metal - semiconductor junction may

be considered as possible reagonsg for this deviation,
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CHAPTER-4

A THREORETICAL ANALYSIS OF RESISTIVITY ANOMALY

4,1 INTRODUCTION

In this chepter, we shall give an alternative mechenism
of the resistivity esnomaly in semi-conducting ferro-electrics
( e.2. BaT103 doped withwvarious impurities ). The central
theme of the formuletion resides in the idea of carrier
scattering by spatial polarization fluctuations, The mechanism
envisaged is operative in addition to the usual thermal
scattering wherein the carriers are scattered by quanta of
lattice-vibration modes ( phonons ). In some esrlier work
( Shukla and Sinha1) y, it was shown thet owing to eleectron-
vibration coupling permanent dipole moments aie formed in
the elementery octahedra comprising T106 in Ba'l‘iO3 near
the Curie tempersture. These eventually get ordered below
this temperature in the ferro;electric state,the instabi}ity
of the transverse optical mode affecting this transition,
Further, some recent neutron scattering date on Ba'_{‘io3
suggest ( Blume and Yamadag) ) that just above the Curie
temperature the long;range order bresks down but the |
permenent dipoles persist. In a way, this amounts to

order-disorder trensition wherein there is short-rsnge order

even beyond the transition temperature,
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The present theoreticel model takes full cognizeance
of this experimental fact, Thus in the completely
ordered phase, the carriers will see the ideally periodic
array of dipoles and will not suffer any scattering apart
from t he phonon processes. However, above the transition
temperajure there will be scattering due to 'broken'
translation symmetry of the dipoles. We shall see that
the final methematical gxpression reflects the above
situation automatically.} In the present trestment,
the carriers are assumed to have itinerant cherscter as
exemplified by 3loch electrons, There is no difficulty
in extending it to localised carriers which are apt to
show a hopping tyyg mqtion, possibly phonon assisted
( Sinha and Sinha§)'). "e have taeken the former picture
in view of the fact that there is strong evidence of band
tyoe conduection in Sr’I‘iO3 semi~conductors ( Frederikse

et a1.4) 'y,

4.2 Mathematical Formuletion

For this purpose, we consider 2 system of free
carriers moving in the periodic potential of atoms and a
system of point electric dipoles, Above the Curie
tempersture, the orientation of the dipoles in certain
short-range region{ henceforth referred to as 'pocketsjb

may be the same, but they differ from pocket to pocket.
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The Hemiltonian for such a system can be written

as

H = He + Hpy + HeD & Hep + Hp g 2w ¥ (1) ~

vhere He is the electronic part of the Hemiltonien and has

the explicit form

il

ﬁz <7,‘:2
a _ - .
He = 2 ——NEEJM - z V(ri) = E He(l). (2)
i i i A
Here the first term represents the kinetic energy operator
of the electrons end the second term the potential energy
in the periodic field of atoms; m is the mass of the electron,
--h2§7§ = pi - the sguare of the momentum operator and

r. is the electronic coordinate. The single-electron eigen-

functions are given by

vhere k is the wave-vector and t the band index, Ekt is;%
the corresponding energy eigenar alue. Efkt has the usual
Bloch form

et W < ’

) /
B4

where . is the normalization volume, Uyt is a periodic
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function. As we shall confine our attention to one band
only ( the conduction band ), we shell drop the band index

*»
henceforth, Also in the effective mass (m )} approximation
= Bo%°/om 5y

By

HD is the Hamiltonian for the system of interacting
dipoles, Its explicit form will not be needed in the present
formulation, DLikewvise, Hp and Hep are the pure phonon and
electron-phonon intersction terms. Ve shall not require
their explicit forms as their contributions are already

known, HeD is the Hemiltonien for electron-dipole inter-

actions with the form,

%1 (Ii-El)

31‘31}3 ’

eD ~ (6)
1i Feff- o

wvhere e 1is the electronic charge, Ay the electric dipole
moment veector of the lth dipoie vhose vector coordinate is
Bl’ g%ff is an effective dielectric constant of the medium,
This takes care of the dielectric polarization induced by

the excess carriers produced by the dopants,

For subsequent calculations, it is convenient *o
recast the interaction term ( cf. equetion (6) )} in terms of
Fourier components, Its form in the recipPocal space

representation cen be shown to be
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Eeff

Z dme wl—ddr[ --l/\ (I‘—R)] (7)
1,2

vhere A 1is a vector in the reciprocal space., Now the
resigtivity is related to the relexetion time 4Q'T;> averaged
over the thermal distributions, Or more explicitly

m*

K . n32<';’7’/\ ] (8)

vhere n 1s the number of carriers per unit volume and

B, /k_T
¢ f BT(E,) e w58 N(8,) OB,
3kgT ~E,/ky? i
//; B N(E,) OB,

where k, 1is the Boltzmann constant, N(Ek) is the density

(-

of states and for (5) takes the form

: 1 /e _1/2 L
NE) = -+ ( h? )72 Y/ (10) -
In the sbove 4‘(Ek) is the relaxation time which depends

on energy Ek' We shall now derive its explicit form for
interaction term given in (7). For this purpose we shall

require the scattering metrix element
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- i 4me 1+ e"iﬁ'ﬁlcg'
- Z O Err AP k-k', M8
s s s 8 s (12) v

where in getting (12) we make use of the function (4).

Krone&ﬁ‘ker g};-}i';éﬂ-g indicates the interference condition
k ~k' =A + g 1in the scattering process for an electron
with wave vector k to k'. We shall confine ourselves
t0 elestic and normel processes i.e. [gl: 0, £ being the

reciprocal lattice vector, Also |kl = |k'|. Now the

relaxation frequency 1/4;'k is given by ( Wilsonm )

';"-k ( g; }ﬂ/’(y}’ﬁg%‘u’g)) 2(|-cos o) sin o a0

ceees (13) ™

In writing (13) we have assumed complete isotropy i.e. the
metrix element (k',YH‘f'} rk> depends only on the magnitude
LA gl=
of k eand angle between Xk and k', The quantity
/ <k' ’H >l can be re-written as ( cf (12) )
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iy =i\
= e (STl a)e Bl)( Y A e 1
T Crr T - 1

2 2.9 iA.R .
- —-————-1615 Z"u 54 (Z cos O e ) ( Z el2e &y
- €gffA m [N
—i‘A-'Bm| -ié‘é'

* (Zcos@m,e )(Ze‘ ¥( s
m'

s s e s ss a0 (14‘)’

where we have assumed that the msgnitude of the dipoles
ruq = Pui‘ =M , Here m and m' spen the centres of

the pockets assumed to be spherical and of mean radiusp,
Aand ‘A' refer to the position vectors of dipoles

inside a pocket.

In the paraclectric phase Ci.e. beyond the Curie
temperature ) the direction of the macroscopic po'arization
varies randomly from one pocket to another, We shell,
therefore, use random .phase approximation in dealing with the
product in (14). Thus only diagonel terms will survive.

After some mathematical computation this reduces to

N 2
](k'!ﬁ l’k>/ t6x ef (=20 % T (15)



91

where

F(x) - 3 ( X Ccos X -3' Sin X )2 (16)\/
X

with x =XA, Nd is the total number of dipoles in the

crystel and )y = the averscse number of dipoles per pocket.

In deriving the above, we have used the relation

(coszgm) oy = 1/3 and the long wavelength approximation
ices N A L1,

Substituting (15) in (13) and noting that

ok/3Bg = m‘/ﬁzk and )\2 = ,l’k-g"}’z - 4%° sin® 6/2

we get
' ¢
1 161:292412 wndm* q
ey 5 3 * 55 F(x) sin © do
Ty T € ol
- eff )
O e 88 o 00 0 (17)
which on integration reduces to
2.2
16 e Lﬁnd’ﬂ* , . 2k2 ‘
1ﬁfk ol SR . ¥ (1= 1L75 ) s (18) v

sy

where ’nd is the number of dipoles per unit volume,
. As we are using the long-wevelength expression

2 3

3ére®

Tx

2.2
k(1 + A_—}lco ) (19) ~
~ 16Tem ydndm*



92

On maeking use of the relation (5) we get

* 2 :
Ty -nt BV /2K B,
where ) 5
3 a
P - 1;%%‘"“: (21) v
ne A l;dndm

a4 ,
substituting (#) end (20) in (q) we get
|0

Zfraﬁ: 7))
- B /k.T
oB 3/0. 2m*.1/2.1/2 3/2,3/2 AN
© Bkt Ek/[(ii?)/ak/ +%;7 /e OBy
1. 2 _E [k T
J e W/ 8 EQC/Q a8,
o (0D Y225 V2[0) « ACY 20 m /2 [y
L (372)
..... (22)

where fE;) is the usuel gemma function, Finally, with the
help of (22) and ( 6 ), the contribution to resistivity due

to polarization fluctuation is

v/§ ﬂ3/2 (m*)3/2 1&“&“2 1

ﬁ’f N 192 2 2 .. A2, ' LEh=
(kpT) /2 n Epe [1+AL§]
7

vhere LT represents wevelength of the thermal electrons

given by



93

(24)

2 nhz

LS = R
T 2m¥ ik, T

It is expected thet the pocket of short range order will

have dimension smaller than LT’ Thus

2
1/5 1:3/2 (m*)3/"1';dndp A2
P s = oxp [ =551 (25)
P 178 ., &~ L2 i
(kpT)  "m* e pe B .

The exponential function in (25) is a sort of space-
correlaetion function and reflects the stochastic assumption
made, The totel resistivity, inclusive of the lattice

( phonon ) scattering is given by ( recalling Matthiessen's

rule5 )]

lﬁt' = fo o+ j%f (26)

vhere S& is the usual resistivity due to thermal scettering
and its temperature dependence will be governed by the mode

of phonon scettering i,e. one phonon or two phonon processes

( Krishnemurthy and Sinha6) ). Whatever may be the deteils

of this, this will not give rise to PTCR anomaly.

4,3 Estimetes and discussion

Below the transition temperature the entire resistivity
contribution comes from f% ( the phonon part ). The reason

is that in the ordered phase when cos 6, = cos Olﬂ, vhere
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the pockets are very large, the matrix element ( cf
equation (12) ) vanish identically in virtue of lattice
summation i,e.
-1 {
13.31

(2) S e = &N @A) N
11 )

0 (27)

where é(é) is the Dirac delte function and has the property
J%é(%} = 0, At the transition temperature, the long range

order falls abruptly and there will be a jump in the

regsistivity. The magnitude of the jump is controlled by

the value of A and the ratio (.u/ééff y. The dipole moment

ig releted to the dielectric constant ( for large vealue of & )

2 .
& LM Thus the dependence of :?pf on eeff alone is

' 1 . .
prf £, oo ' This slone cannot explain the jump

actuelly observed and the exponentisl factor does play a

role. As temperature is raised the pocket size ( the range of
short-range order ) will decrease and ,fpf will continue
increasing. However, there will be a2 maximum at some

temperature ( at some values of /\ ), namely

N o= I.Tv/—g-- (28)

On the assumption that vy = volume of pocket t+imes the
number of dipoles per unit volume. The shape of the

hump is similar to the experimentally observed results.

We shall now estimate the contribution of ,f;f just

beyond the trensition temperature ( i.e. 400°K for BaT103 )
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The following values of the parameters involved are

taken
ng = 1022 to 1023 per cm3
n = 1017 to 1018 per cm3
m¥ = electron mass for convenience
= 400°%K
-8
M = e \I{ = e (0,13 ) x 10" cm
3 4
Vg = 107 to 10" per pocket
Ve are taking the case where A <LLT
2
eeff = 10

With this value the resistivity due to dipole fluctuation

turns out to be
103 to 104 - em (29)
Jor ~

A typical value of resistivity for the above carrier
concentration below the Curie temperature is of the order of
10 ~-cm which is to be identified with )Om Phus the net

increase beyond the transition is

s Sfa
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This increase is of the right order observed in most of

the experimental results,

Now a few comments about this mechanism in relation
to experimental results and other theories i;ain order. In
all ferroelectric systems the PTCR anomaly is closely
associated with the appearance or disappearance of dipole
ordering, ©Since our theory depends on the polarization
fluctuation in space, it is in complete accord with these

7) on

results, The experimental results of Brown and Taylor
single-domain crystals showas that there is a resistivity

rise by a factor of the order of 101 to 10?. Thus the

PTCR anomaly is not necessarily associsted with the surface
states in the grain boundaries in polyecrystals. However, it
is to be admitted that in polyecrystalline samples the effects
visualised in the present mechanism will be further enhanced

as the pockets ( of short range order ) become smeller in

size,

We have assumed the f carrier concentration

n to be fairly constent in the temperature range of interest.
Of course, at very high temperatures, the number of carriers
will increase and the resistivity will start falling as,

indéed, observed.
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