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ABSTRACT

A study of the dielectric properties of pure magnesium oxide
and MgO doped with iron or chromium is presented. Measurements were
carried out in the frequency range between 5 x lO2 Hz and 9.3 x lO9 Hz
at room temperature vsing a.c. bridge, Q-meter, slotted-line and cavity
methods.

The basic ideas and principles of each technique have been
discussed individually in relation to their suitability for dielectric
measurerents on materials having particular characteristics. A major
attempt has been made to develop the slotted-line technique (500 MHz~-
7.5 GHz) and the cavity resonator (9.3 GHz)method. Sources of posgible
error in these techniques have been investigated in detail and some
suggestionsmade to minimize them. A new method for measuring the
dielectric properties of low loss solids has been examined theoretically
and some suggestions for its practical development pointed out.

The dielectric data obtained at room temperature has been
analysed and interpreted in terms of the hopping theory involved in
the "Universal Law" of dielectric response. The frequency variation of
conductivity, followed gac(w) « @t law with n = 0.98 + 0.02 for pure
MgO. The dielectric ¢onstant, €', loss factor, €'’ and loss tangent,

Tand, decrease slightly over the frequency range. Similar behaviour was

also observed for Fe doped MgO and Cr doped Mg0O samples. The variation of €'

and €'' both agree with the "Universal Law" showing that e'(w) « wn—l

-1 . :
and €'' (w) = wn ; the magnitude of n obtainedwas also 0.98. The data

of ¢! and ¢'' approximately fit the Kramers-Kronig relation i.e.

[ 38}
? (w) = cot an = constant when 0.5 <n < 1 .
e'(w) - ¢ 2

o]
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Measurements were extended to higher temperatures (up to 700O Q)
using special apparatﬁ; which was designed for this purpose. Tﬁe data
obtained fit the Jonscher theory very well ; the exponent n decreases
with increasing temperature and falls to a value of n = 0.5 at 700° C.

In the high temperature range the Havinga proposal for the temperature
dependence of dielectric constant was tested and‘the change of dielectric
constant with temperature was found to agree well with the relation

L 2e’
(e'=1) (e'+2) aT

= A+B+C

for MgO single crystal.
A detailed comparison is made of the effect of doping MgO with
. , 3+ 3+ i . e
the trivalent ions Fe and Cr” . The addition of either significantly
increases the conductivity by an amount proportional to the concentration

and this effect is explained in terms of an increase in the number of

hopping sites available.
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CHAPTER 1

INTRODUCTION

1.1 OBJECTIVES

Magnesium oxide is of considerable importance as an electrical
insulating material and its insulating properties have many various
applications. It is widely used as an insulator in heating elements,
and as the dielectric in mineral insulated cables. The study of the
electrical conductivity of MgO as a function of the temperature and
impurity content is also of considerable interest since this material is
widely used in different branches of high temperature technology. It
has been found that at high temperaturesb( v 800o C) the insulating
behaviour of the MgO collapses ; consequently, it starts conducting
and this effect leads rapidly to the failure of the heating element.

For pure MgO the melting point is 2852O C and the boiling point is
approximately, 3600O C.

Magnesia may be obtained in various forms and the material
used here was single crystal which appeared to the eye to be of high
quality even at the higher dopant concentrations. The pure single
crystal is colourless and transparent while the powder of MgO is white.
The addition of impurities causes colouration ; for example chromium
doped cfystals are green and iron doped crystals vary from light
yellow-green to dark yellow-green, according to iron concentration.

In the present studies the dielectric properties, (and hence
the electrical conductivity), of nominally pure magnesium oxide together
with those of magnesium oxide doped with different concentrations of iron

or chromium have been measured at room temperature over a very wide
_—

range of frequencies from 500 Hz to dopants Fe and Cr



were chosen in order to see the effect of Cr3+ and Fe3+ ions on the
electrical conductivity and dielectric constant behaviour of MgO. The
samples have been tabulated in Table 1.1, according to nominal composi-
ti§n. The single crystals were grown by electrofusion from powders
by W & C Spicer Ltd., Cheltenham, and all the measurements reported
here were made on single crystal material. It was found that, at any
particular frequency, the electrical conductivity of Fe or Cr doped
magnesium oxide sample was higher than that of pure MgO, although the
respective values of dielectric constant ¢' were lower than for pure
MgO. The variations of conductivity and dielectric constant versus
frequency were investigated, and a decrease in €' with increasing Fe
or Cr concentration was also observed.

The measurements of dielectric properties and conductivity

0., lO3 ~ -1
were also undertaken at temperatures up to 700 g;e, i 1.023 x
in the frequency range from 500 Hz to 50 kHz.

The object of this work was to determine the dielectric
behaviour of MgO, and in particular to examine the effects of doping
with iron and chromium, as part of a systematic study of the effect of
transition group dopant ions on the electrical characteristics of MgOo.

A considerable effort was directed towards finding the most appropriate
methods for obtaining precision data since the changes in electrical
properties due to doping were expected to be small, at least at the
doping levels available. Thus the measurements of dielectric properties
and conductivity were carried out using four différent techniques, each
technique covering a definite frequency range. The basic ideas involved
in these techniques differ considerably and for this reason theoretical
examinations of each technique were made in order both to assess the
experimental errors associated with conventional practice and to develop

new techniques which would give greater precision of measurement with

.'dielectfics similar to magnesia. The interpretation of the data



Ref. No.

Nominal Composition

MgO
MgO
MgO
MgO
Mgo
MgO
MgO

MgO

(pure)
+ 310 ppm
+ 2,300 ppm
+ 4,300 ppm
+12,800 ppm
+ 800 ppm
+ 1,300 ppm

+ 3,600 ppm

Fe

Fe

Fe

Fe

Cr

Cr

Cr

TABLE 1.1 :

Nominal Composition of Samples



obtained has been discussed in terms of the hopping model of conductivity
and some suggestions made regarding the correlation of conductivity
results with structural information derived by different methods.

1.2 HISTORICAL REVIEW

Several determinations of the electrical conductivity of Mgo
have been published previously by a number of authors (1-23). Most of
these were made on single crystal material but there has been a
considerable variation in the techniques of measurement used by different
workers. Thus in attempting to compare previous results it is often
found that the purity of the samples was unknown ; that d.c. and a.c.
techniques have been utilized, that the electrode materials which were
evaporated on the samples were different, that the geometry of the elect-
rode systems was not the same and finally that the atmospheres surround-
ing the samples involved different gases.

Since it became clear from a brief review that the conduction
mechanism is still not well defined, a wider literature survey has been
undertaken. In some early measurements on single crystal MgO, Yamaka
and Sawamoto (1) suggested that at room temperature the chafge carriers
are electrons due to excess magnesium. Their experiment was performed
in oxygen and magnesium vapour ; it was observed that the conductivity
increased after heating the sample in magnesium vapour. They also
proposed that this increase in conductivity might be due to surface
coﬁduction, since a two terminal measurement was utilized in their
experiment. Later, work by Surpliceand Jones(18) showed that the
conductivity was due to a motion of n~ty:e electrons at temperatures
in the range of 590°-870° C. This was proved by determining the sign
of the thermoelectric power. Subsequently, Afzal et al (19) proved
the.idea.of conduction by n-type electron by measuring the Seebeck

coefficient of MgO ; Mitoff (2) also confirmed that (near room tempera-



ture) the conductivity is electronic rather than ionic. He also found
that iﬁtroduction of iron in MgO sample considerably increases the
electrical conductivity. By contrast, Schmalzried (4) obtained
experimental evidence for ionic conduction. Later work by Mitoff (3)
showed that the nature of the charge carriers depends on temperature
and also on the impurity content of the crystal. He found that the
conductivity at low temperature is ionic but the nature of conduction
changes to electronic at high temperature ( > lOOOO c). In his
experiment, Mitoff measured the conductivity of pure MgO single crystal
and MgO doped with lithium. A small change in conductivity was observed.
Shakhtin et al (15) found that the introductipn of iron in MgO affected
conductivity, which was increased. They suggested that iron afoms
occupy the position of Mg ions in the lattice and may be in either
divalent (Fe2+) or trivalent (Fe3+) states ; this could increasebeither
the ionic or electronic conductivity but, since the mobility of ions
is much less than that of electrons, it was deduced that electronic
conductivity predominates over the ionic conductivity. 2irkindand Freeman
(6) pointed out that the nature of electrical conductivity of MgO at
temperatures < 6OOOC is not known, a fact which probably initiated the
study of electrical conductivity of MgO by Lempicki (7), who also
concluded that it is likely to be electronic rather than ionic.
Davies (9) compared his results with those of previous workeré and
concluded that the conduction in pure MgO was purely ionic. His
proposal is the most progressive theory reported recently. According S
to him the conduction carriers in MgO are 02_ and M92+. Pal'guev and Nevimin
(17) is one of the workers on conductivity of MgO who supports the
ionic conduction mechanism within a éertain interval of temperature for
MgoO.

Mitoff (12) later proposed that the conductivity of MgO is



partially electronic and partially ionic, the latter contribution being
due to tﬁe motion of magnesium ions. Choi et al (22) also concluded
that the mechanism of conduction in MgO single crystal is ionic rather
than electronic and, furthermore, reported that the addition of nickel
in MgO increases the electrical conductivity. An alternative model,
suggested by Day (13), is that the conduction process is due to holes
in the valence band, electrons being transferred from the valence band
to localized states above it. Further evidence for conduction by holes
was found by Yamaka and Sawamoto (14), whose results were similar to
those of Day. Finally, it may be noted that Mapsfield (16) proposed
an electronic conduction mechanism for Mg0 single crystal in which the
charge carriers are holes.

Although there is conflicting evidence on the nature of the
mechanisms involved (24), it is generally held that ionic conductivity
predominates in the lower temperature range but thst at high tempera-
tures (> l3OOO C) the nature of conduction changes and electronic
conductivity predominates (3,11,16). However, the nature of the charge
carriers even in pure magnesium oxide has not been conclusively determined
though it is interesting to note that it has been suggested that there
may be vacancies associated with impurities.
| The interpretation of quite a large number of measurements 6f
‘conductivity of MgO single crystal are based on ionic and/or electronic
conduction mechanisms. As an alternative approach, in this thesis the
hopping theory of the conduction has been adopted as the basis for

) \
discuséion since it has , over the past few years, been shown to be
-applicable té a fairly wide range of low mobility materials. Thus an
attempt has been made to interpret the data in terris of Jonscher's
"Universal Law" in which the conductivity is assumed to arise from hopping

processes. The various proposals for the conduction mechanism in MgQ



single crystals which have been made within the past thirty years by
various workers have been tabulated in Table 1.2. This enables one to
have a brief and quick réference to the history of conduction mechanisms
and it is also a reliable illustration of the conflicting ideas on the
nature of the charge carriers. As it is seen most of the earlier theories
assumed that the conductivity was electronic, but the later theories
showed the presence of ionic conduction mechanisms.

Recently the Universal Law of dielectric behaviour has been
developed for materials in which conductivity occurs by hopping process.
The hopping mechanism has been reported by several authors, for example,
on n-type crystalline silicon with various kinds of impurities by Pollak
and Geballe (25). The idea of hopping mechanisms in MgO was suggested

for the first time by Lewis et al (8). They showed that mechanism of

conduction at lower temperatures could be controlled by electrons [

hopping between impurities sites in the crystal. "According to them, it

is more appropriate to consider localized electronic energy states at

impurities ; and conduction was due to thermally activated electrons E
which are jumping from site to site. They also made calculations of

conductivity for pure MgO in terms of a model involving the hopping of

oxygen ions between two sites in the crystal.

| The Universal Law has been tested for over sixteen different

-materials and the results have been interpreted by Jonscher (26) . All

these indicated that the frequency dependence of the real part of the

conduqti?ity follows

¢ (W) « w (1.1)
ac

with always n < 1. The Jonscher "Universal Law" (27) can be written

in terms of the real part of the permittivity, ¢' and the imaginary



Ref

Author Name Year No. Proposed Conduction Mechanism
Lempicki 1953 7 Electronic at low temperature.
Day 1953 13 p-type electronic due to
excess of Mg.

Mansfield 1953 16 p~-type electronic.

Yamaka & Sawamoto 1955 1 n~type electronic due to
excess of Mg.

Yamaka & Sawamoto 1956 14 p-type electronic.

Mitoff | 1959 2 electronic.

Schmalzried 1960 4 ionic.

Mitoff 1962 3 high-tem.electronic and low-tem.
ionic.

Pal'guev 1962 17 ionic.

Davies 1963 9 “ionic (Mg2+ and 02—).

Zirkind 1964 6 electronic at low-tem.

Mitoff 1964 12 ionic at low-tem. and electronic
at high-tem.

Surplice 1964 18 r.-type electronic.

Budnikov 1964 20 n-type electronic and ionic.

Luzgin 1965 21 ionic.

Shakhtin 1967 15 electronics.

Lewis & Wright 1968 8 electron hopping at low-tem.

Lewis & Wright 1970 1o oxygen ion hopping.

Osburn 1971 23 | ionic (Mg?h).

Choi 1973 22 ionic.

Afzal 1974 19 n-type electronic.

Wilson 1979 24 ionic.

McMinn & Mauger 1979 11 electronic at high-tem. Zonic

at low-tem.

TABLE l._% :

Proposed

conductivity mechanism in MgO.



part of it,e¢ ", respectively according to the relations,

e (W) « WL (1.2)
and

(e —e )y 7L (1.3)

where again n <1 and €, ¢ is the permittivity at very high frequency
(limiting permittivity). Generally, it has been found that the
magnitude of the conductivity is increased by the addition of impurities.

1.3 CRYSTALLOGRAPHIC ASPECTS

1.3.1 The Magnesium Oxide Structure

Magnesium oxide crystallizes in the sodium chloride~like
structure, as do almost a third of the compounds of the type MX, where
M denotes a metal ion or atom and X an electronegative element, e.g.
oxygen, fluorine, chlorine, etc. In the case of MgoO, M and X mean
magnesium and oxygen respectively. Figure 1.1 provides an illustration
of the MgO structure. The lattice is face-centred cubic with one atom
assoclated with each lattice point, Mg at (0,0,0) and oxygen at (0,0,%).
Each of the two types of atom lies upon a face~-centred cubic lattice, and
each lies at the "largest interstice" of the other's f.c.c. lattice.

Each atom being surrounded by six ions of the other type.

The largest interstice occurs at positions in the unit cell with
coordinates (%,%,%) and equivalent positions (i.e. 0%0, OO% and %00) .
There are four of these per unit cell, hence one per lattice point ; one
largest interstice is illustrated in Figure 1.2. In fact, from Figure 1.2
it is clear that each atom has a‘coordination number of six, the néigh—
bours being at the vertices of a regular octahedron. It is known that
the bondipg between the ions is mainly lonic bonding but there is soﬁe

evidonce ot covalent behaviour (30).
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In this octahedral coordination the ionic radii, according to Kelly
and Groves (29), are of 0.65 X for the Mg2+ and 1.40 8 for the 02’.
The lattice parameter of the MgO, at 210C, is given by Wyckoff (30)
as aO =4.2]12 2. Their positions are illustrated in two dimensional
representation in Figure 1.3. In single crystals doped at low con-
centrations, such as the iron or chromium doped specimens used in the
bresent experiment, it is generally assumed that the dopant enters the
lattice substitutionally and that the average lattice parameter (or
unit cell symmetry) is not changed.

1.3.2 The Crystal Field and Zero Field Splitting

By doping the MgO with iron, the latter is expected to go into
the lattice by substitution of the magnesium sites. Thisg assumption is
based on the fact that the ferric ion (Fe3+) has an ionic radius of
0.64 (29) which is almost the same as the corresponding ion Mg2+.
Although this assumption is fairly reasonable if one adopts the ionic
radii as a point of comparison, there still remains to be considered
the difference in electric charge between the trivalent doping ion and
the divalent magnesium. The ferric ion with its five d electrons (3d5)
has a symmetrical charge distribution in its ground state but it is a
poor £it in the magnesium oxide lattice because of the extra positive
charge. Charge compensation in the crystal is affected either by excess
oxygen ions (31) or by vacancies distributed at randonm throughout the
crystal.

Considering then that the previous assumption is correct and
bearing in mind Figure 1.2, it can be observed that the ferric ion will
acquire an octahedral coordination and it is to be submitted to strong
internal electric field exerted by the diamagnetic neighbours. In the
main, the symmetry of this Ccrystalline field will depend on the local

arrangement of the diamagnetic ions rather than on the overall crystal
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symmetry ; the strength of the field being dependent on the distribution
of the charges, on the amount of the charges of the various ions and on
the distance of these charges from the paramagnetic ion. The action of
this crystalline field is to shift and split the electronic enerqgy

levels. This splitting, in the absence of an external magnetic field,

is known as "zero fieid splitting”. The character of the splitting

of energy levels of paramagnetic ions by the crystalline field depends to a
great extent on the symmetry of this field. This circumstance enabled
Bethe (32) to obtain a qualitative solution of the problem with the aid

of group theory.

The ion Fe3+ has a ground state of 685/2, and the resultant orbital
momentum of the electrons equals zero. Through the spin-orbit inter-
action a crystalline field of cubic symmetry, as it will approximately
result from the octahedral arrangement of the six oxygens surrounding e
each paramagnetic ion, splits the sixfold degenéracy into a twofold
degenerate levei and a fourfold'degenerate level (32). Van Vleck and
Penney (33) have discussed the mechanism by which such a splitting can
be effected and have shown that the crystalline cubic field can influence
the electron spins only through high order interactions involving spin-
orbit coupling with excited states. When the spin-orbit coupling inter-
action is muéh less than the crystal field splitting, the wave function

of the ground crystal field state will contain admixtures of the next

higher state, and as a result of this admixture the g-factor of a

transition-metal ion deviates from its free electron value by a term.
that is proportional to the spin—-orbit coupling constant and inversely
proportional to the crystal field splitting. For the ferric ion in the
magnesium oxide lattice, Low (34) has found the zero field splitting

4

. - -1 .
to be 3a = 615 x 10 cm i this value corresponds to a magnetic field

Oof ©58 Gauss (35). Figure 1.4 shows a diagram of the zero field
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splitting of the 685/2 state in a cubic field.

It will appear in subsequent Chapters that detailed structural
information is important for the primary task of enabling an adequate
characterisation of each specimen (particularly the doped specimens) to
be made. For this purpose extensive electron spin resonance studies
of various transition group ions in MgO have been carried out independ-
ently in the Department and use of this data has been made to confirm
that, at the concentrations used, the iron and chromium did enter the
lattice substitutionally at Mg2+ sites and that they were present as

3+ +
Fe and Cr3 respectively.
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CHAPTER 2

DIELECTRIC THEORY

2.1 DIELECTRIC PROPERTIES OF MATERIAL

There is a complex parameter for any dielectric material which
determines its behaviour in the presence of an electric field. It is a
physical parameter which indicates the usefulness of the dielectric
material for any specific electric field application. This parameter is

usually called the complex dielectric constant or permittivity which is

* *
generally represented by e . It is shown by ¢ = Eo for free space or
lo7 -12 -1 . o,
vacuum (EO = 5 = 8.8542 x 10 Fm™). The quantity € 1is
47C

usually used in the form of a normalized complex dielectric constant (sr)

Or relative permittivity, i.e.

m
*

€ = = €' - § " (2.1)

o}

For free space its value is equal to unity. Separating real and imaginary

parts of both sides gives,

*
€' = Re -E—— (2.2)
(o]
and
*
€
ell P Im E— (2'3)
(o]

£' is called the real part of the complex dielectric constant, and e" is the.

imaginary part of the complex dielectric constant or more usually,loss
factor. In these equations, the real part €', directly represents the
amount of energy which can be stored by the applied electric field in a

dielectric material. Alternatively it can be thought of as a parameter
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of the dielectric that determines its ability to form a capacitance
because inserting a slab of dielectric in a capacitor increases the
capacity by a factor of ¢!'. Oon the other hand, the imaginary part, e"
is a direct measure of how much energy is dissipated in the form of heat.

The relative permittivity, then can be written as,

£ =¢ge' (L - J Tan 6 ) (2.4)
where

Tan § £ (2.5)

i

Tan § 1is proportional to the ratio of the power lost in heat, to the
energy stored per ‘cycle in the dielectric material. It is called the
loss tangent. Therefore, the loss tangent is a useful factor in electronic
engineering and material science for determining the power loss.

The complex relative permittivity and its real (e') ang
imaginary (e") components with their associated loss angle are illustrated
vectorially in Figure 2.1. generally for small §, Tan § =« sin §.

The quantities €' and €" are both dimensionless, because it is
assumed that all values are relative to free space ; therefore they

preserve their values irrespective of the selected system of units.

2.2 POLARIZATION

2.2.1 General Description

There are no free charges in an ideal dielectric material.
Since all materials are composed of atoms, therefore they can be assumed
as charge entities in it. These atoms of a dielectric are normally
affected by an applied electric fiel2. The result of this field is a
force which is exerted on each charged particle. Thercfore thoe particles
with positive electric charge are being pushed in the direction of the

field, and those with negative charge oppositely, As a result the
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positive and negative charged particles of each atom are displaced from
their equilibrium positions in opposite directions. These displacements,
however, are sometimes limited, i.e. in most cases to very small fractions
of an atomic diameter. From the macroscopic point of view, all efforts
may be easily assumed as a displacement of the entire positive charges
relative to the negative charges throughout the dielectric. This
condition of a dielectric is called polarization. Most authors have
shown that the polarization of a dielectric depends on the total electric
field in the material, i.e. |

P‘ = ok . (2.6)
where o 1is polarizability factor. The polarization is also defined as
electric dipole moment per unit volume (36) i.e. it is the sum of n

electric dipole moments in a unit volume,

(2.7) e

It is obvious that the degree of the polarization depends on the
electric field and the properties of the atoms which make the material.
In isotropic materials the polarization has the same direction as the
electric field causing it. Therefore, polarizability, o, is a scalar
quantity. In anisotropic materials polarization has different values in
each direction, so « will be a tensor quantity.

The polarization, P and electric displacement, D and electric
field E are related to each other (36-38) , by

D = P+ € E (2.8)

and

D = ¢ € E ' (2.9)

From Egqns. 2.8 and 2.9, a relation between polarization and complex relative
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- dielectric constant may be obtained as,

p = € E (¢ -~ 1) (2.10)
o r

From this equation, it is easily deduced that the magnitude of rélative
permittivity, er, must be greater thén unity, otherwise this equation
will not have physical significance.

Since there is alwaYs the possibility of a phase lag developing
between the applied field and the instantaneoﬁs polarization, the relative
permittivity, Er' can be expressed in terms of real and imaginary parts,
(Egqn. 2.1).

There are three mechanisms of polarization, namely

1. Electronic Polarization

2. Idnic Polarization

3. Dipole Orientation

These mechanisms will be summarized‘in the following sections.

2.2.2 Electronic Polarization

It is known that in any dielectric material the positive atomic
nucleus is surrounded by a cloud Qf negative electrons. By applying an
external'electric_field to the material, the electrons are slightly
displaced relative to the nucleus and an electric dipole moment is
Created ; electronic polarization has occurred in the system. It is
shown schematically in Fig 2.2. This polarization is established during
a very brief interval of time (10-15 s) which corresponds to the ultra~
violet range>of wavelength.

Since this mechanism of polarization occurs in all atoms or ions,
it can be observed in all dielectrics irrespective of whether other types
of polarization are displayed. This polarization satisfies Maxwell's

theory, i.e.

™
I

(2.11)
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where 1 is the refractive index at optical wavelengths.

2.2.3 Ionic Polarization

In this polarization, the positive and negative ions in a
partially ionic solid are displaced relatively from their equilibrium
positions when an external electric field is applied. This is shown in
Fig 2.3. The charge displacement polarizes the ions and produces an
induced electric moment. This polarization also arises from the
displacement of the nuclei and it is frequency dependent in the infra-
red region; when the applied frequency approaches that of the molecular
vibration. Although only a short time is required for this process of
ionic polarization to set in, it is longer than for electronic polariza-
tion (about 10_13 to lO_'l2 s). In the presence of ionic polarization

Maxwell's equatior (2.11) does not hold ; in this case € > y

2.2.4 Dipole Orientation

When an external electric field is applied to a slab of dielectric

material, atoms with displaced positive and negative charges of equal
magnitude (dipole) relative to each other tend to orient themselves in

a direction opposite to that of the applied electric field, Fig 2.4. It
is known that the electric field is directed from positive to negative
charges but the orientation of dipoles in the material is in opposition
to it. This, therefore, results in a reduced internal electric field
compafed with the applied field.

Assuming that all the molecules are oriented with their dipole
axes in the direction of the field, a permanent moment will therefore be
added to the induced moment. The orientation of the molecules is however
opposed by their thermal motion, which varies with temperature. As a
result at high temperatures the thermal motion practically prevents the
orientation of the molecules and hoence the polarization is reduced.

Debye has derived the polarization for polar molecules and



FIG.21 COMPONENTS OF RELATIVE DIELECTRIC
CONSTANT.

NO ELECTRIC FIELD -t
Non

'FIG.2.2 ELECTRONIC POLARIZATION.

NO ELECTRIC FIELD | [

POSITIVE AND NEGATIVE [ONS @ @

IN A DIELECTRIC

FIG.2.3 IONIC POLARIZATION.



20

showed that molecules with zero rotational energy contribute to orienta-
tion polarizability and that the number of this kind of molecule
decreases with increasing temperature. Dipole polarization can appear

in pure form only in gases, liquids and amorphous bodies. In crystalline
bodies at temperatures below the melting peint, the dipoles are frozen
and so they can not be oriented and dipole polarization cannot occur in
them,

The dipole in the material will rotate through an angle of 180°
when the applied electric field changes its direction with the frequency
of f. On increasing the frequency the chance of changing dipole. direction
becomes smaller and it will not be able to be in time.

2.3 DIELECTRIC IOSS ANGLE

If it is assumed that the power is not dissipated at all in the
ideal dielectric of the capacitor, the phasor of current would be ahead

of the phasor of electric field, E, precisely by 90o and the current

‘would be purely reactive, as is shown in Fig 2.5.

In practice the phase angle, ¢, is slightly less than 900, and

I = I + I 2.12
t a r : ( )
where It = total current
Ia = active component = E w g' C
Ir = reactive component = E pe" C

Since the phase angle,¢ , is very close to 900 in a high quality dielectric
capacitor. The angle ¢ 1is defined by

§ = 90° - ¢ (2.13)
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The angle ¢ is called the dielectric loss angle ; and

: I ] "
ten s = X - Elue" ¢l _ e (2.14)
‘a E|we' cf e'

This parameter is very important for a dielectric material and it is

called the loss tangent (Tand ). Sometimes the quality factor of a

dielectric is specified and this is given by Q = EE%NE .

2.4 FREQUENCY DEPENDENCE OF €' AND ¢"

As noted before, the time required for electronic or ionic
polarization to be established is very small compared with the period
of the applied field. For this reason there is no reason to expect

that any frequency dependence should . appear in such dielectrics. This

is not so in the case of the dipole polarization mechanism ; the value e

of ¢' of a polar dielectric begins to drop when the frequency begins to
increase. By removing the applied electric field all the dipoles in
the material relax to a new equilibrium position and the polarization
decays exponentially. The relaxation time is defined as the time in
which the polarization is reduced to é— times its original value. Debye
states that dielectric relaxation is the lag in dipole orientation behind
the applied alternating electric field. The relaxation time,t , depends
on the various factors such as, the viscosity of the medium, the size

of the polar molecules, the frequency and the temperature of the material.
If the polar molecules are large, or the viscosity of the medium is

high, or the frequency of the applied field is high, the rotary motion

of molecules becomes out of step with the field and the polarization

will acquire an out-of-phase component. Thus the displacement current:
acquires a conductance component in phase with the field which results

in a thermal dissipation of energy (Fig 2.5).
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The dependence of €' and ¢" on frequency are shown in Fig 2.6.
As the frequency is increased it is reasocnable to expect that the total
polarization will decrease and hence &' will decrease. All of the
energy applied to the material by the electric field is not used to orient
the dipoles, but some is lost to the material by increasing the random
thermal motion that exists in every substance. Therefore as ¢!
decreases, ¢" should increase. This phenomenbn is shown in Fig 2.6.

The reduction in €' in the frequency region near 106 Hz is due
to dipolar polarization, whereas at regions near lO12 and 1015 Hz,
atomic and electronic polarizations are responsible, As the frequency
increases above f = 106 Hz the contribution of the dipole orientation
eventually disappears, and the permittivity levels off at a lower value

15

€, - Where £ > 10" 7, i.e. in the visible frequency range, a final .

2 i
limiting value of e' = u"(Maxwell's equation) can be reached. At zero

frequency (d.c. field), g = o where € is equal to the static value
of dielectric constant.

There is a relation between €t €y and frequency which is

known as the Debye equation (37,39,40). It can be derived from the
relation,
* €S —Eoo
€ = g+t T———— (2.15)
l +3jwrT
*
Introducing ¢ = g' ~je" and comparing real and imaginary parts yields,
€ - ¢
s oo
e'(w) = ¢ A (2.16)
© 22
I +u'T ‘ e
and
(e —em)wT
e"(w) = TS (2.17)
1+ wr

where T =relaxation time and €, and es are as defined before.

Equations 2.16 and 2.17 are called the Debye equations. Their ratio is
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E" ((A))
R = w7t (2.18)
e' (w) - e
These equations are plotted in Fig 2.7. Eliminating wt between eqns.
2.16 and 2.17 gives
2 2
eé - € 2 E.” €,
L + e = (2.19)
2 2

which is the equation of a circle. Since the " >0 a semicircle will
be physically meaningful. The Debye semicircle has the advantage of
giving a representation of a simple relaxatién process when the relative
permittivities €', e" are plotted on a complex piane.

The a.c. electrical conduttivity can be represented by,

g (w) ® 5Ty (2.20)
ac 1 + w T

this applies only for dipolar processes ; as can be seen at frequencies

1

2
f < T Oac is proportional to w“. This result differs from that

Obtained on the hopping model.

2.5 TEMPERATURE DEPENDENCE OF DIELECTRIC CONSTANT

In solid dielectric materials the nature of the dependence of
dielectric constant on temperature may be determined by various factors.
In most cases when the temperature increases, the ionic mechanism of
polarization increases and hence the magnitude 6f e' will be increased.
In contrast, the increaseof temperature does not affect the electronic
polarization. On the other hand the dipole orientation contribution
is also directly proportional to the temperature, i.e. the temperature

facilitates the rotation of dipoles in an applied electric field. Iin
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polar dielectric materials the molecules cannot orient themselves in
the low temperature region. In the case of isotropic and cubic
dielectrics, the temperature variation of the dielectric constant
behaviour depends on three factors. These factors have been studied
by Havinga (41). He has attempted to calculate these factors from

the Clausius-Mosotti equation, which is given by

%‘%2 = I;%, (2.21)
, . o
where N = the number of molecules per unit  volume
Eo = permittivity of free space
o = polarizability of molecules
e' = dielectric constant

The Clausius-Mosotti equation is a relation between a macroscopic
. .
property of a dielectric, (.i.e. ¢ , which can be measured experimentally)

and a microscopic property, (i.e. polarizability, o). In eqn. 2.21, N

can be replaced by,

N o
A
N = M (2.22)
. 23 -1
where N = Avogadro's number (6.022169 x 10°” mol )
M = molecular weicht ( kq)
. -3
¢} = density ( kgm 7)

Another version of Clausi.s-Mosotti equation may be written
g'-1 X o
g+l 3 v (2.23)

where y is equal to the volume of a small sphere of material, and other

quantities are as have been defined before. It must be taken that the
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volume of the sphere is large relative to the lattice dimensions.
The Clausius~Mosotti equation is applicable to all cubic and
isotropic materials and all derivation is based on this assumption.

From eqn. 2.21 one can derive the relation

e — = A+ B+C (2.24)

where A, B and C are the factors which have been calculated by Havinga.
They are defined as :

A: This factor arises from volume expansion. As a result of
expansion the_number of polarizable particles per unit volume is reduced
(since the number of particles are constant). Therefore by increasing
temperature e' decreases.

B: This factor increases ¢' since it relates to the increase
of polarizability of the particles when the volume expansion occurs.

C: In a constant volume, this factor arises from the dependence
of polarizability of the particles on temperature.

In order to determiné A, B, and C some physical quantities must
be measured experimentally (41-42). Then these factors can be evaluated
from dielectric constant versus temperature data. The calculated magnitudes
of A, B and C are invariably for each specific material.

Bosman and Havinga (43) have found that the sum of A and B is
always positive and hence, (A + B) contributes in the increasing of e'.
But the factor C 1s negative for those types of material with €' > 10O
and it is positive for those which have &' < 10.

According to them, the temperature dependence of a dielectric

constant ( egn. 2.24) is always positive for €' < 20 and it is negagtive
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)
for ' > 20.

The temperature dependent dielectric constant of magnesium oxide

de’

single crystal, 3

has been calculated by Bartels and Smith (42)

p . :
from their own measurements over the temperature range 15 to 294°K.

All auxiliary data for determination of the factors A, B and C required

1
for calculation of %% " for MgO are given by references listed in
(42) . v p
2.6 : CONDUCTION MECHANISMS

The phenomenon of electrical conduction shows appreciable
variations depending on the nature of the chargé carrier in the given
material. It is an électrical property of matter that has an
enormous range of values.

It should be noted that both the magnitude of conductivity and
the nature of conduction can essentially change according to the
temperature and the structure of the material. It is obvious that when
the condition changes, the nature of conduction of a given matetiai_may
change too.

The type of cénductivity can be determined from measﬁrements
of transport numbers, which are related to the Hall constant or the
thermoelectric coefficient.

Ionic solids at room temperature usually have very low

conductivity for the motion of ions through the crystal.

- The basic theoretical expression for all mechanisms of conduct~

ivity is given (44) as,

o = 5 : zie ni ui A _ (2.25)
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where 0 = conductivity (ohm—l m—l)
zi = charge of the current carrier (e)
€ = modulus of the electronic charge  (1.602 x 10—19 C)
ni = carrier density : (m—3)
M, = mobility : (m2 v-.l s-l)

The total conductivity is usually found by summing i for all the various
mechanisms. Therefore for any mechanism z, n, yu must be known. Their
determination varies according to the class of the mechanism involved.

The basic types of conduction are :

l. Electron Conduction : 1In this conduction the carriers are elementary
negati§ely charged particles, i.e. electrons or positively charged
particles, i.e. holes (metallic or semiconductor type n or p) .
2. Ionic Conduction : In this conduction the carriers are ions, i.e.
the parts of molecules (dielectric’. Therefore the flow of the current
through the material is accompanied by electrolysis. It takes place
b? passihg ions from one unit cell in£o another. The ion must overcome
a certain energy barrier each time it pénetrétes and passes a structural
element of the sdlid. The conductivity formula

~-E

0'= o exp -2 : " (2.26)

© kT

covers all the conduction meéhanism which are being considered.
The electronic and ionic conduction mechanisms are divided into
four fundamentally different classes as follows
1. intrinsic ionic
2. extrinsic ionic
3. infrinsic electroﬁic

4. extrinsic electronic
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In eqn. 2.25 the magnitude of 'z ‘for eléétrons and holes is
unity but for ions it depends on the valence state.

The calculation of carrier density,n,varies from one mechanism
to another. 1In the intrinsic ionic mechanism'the‘carrier density will
be equal to the density of ions in the léttice. In the extrinsic ionic
mechanism the carrier density may be determined by cheﬁical analysis.

The intrinsic electronic carrier density may be calculated using

the standard equations derived from solid state physiés.r In the case

of a dieleétric, the material is assumed to be a wide band gap semiconductor.

In intrinsic behaviour the number of electrong Ny is equal to the number
of holes, nh. Initially, it is assumed that the effective masses of
electrons and holes are equal to their rest mass ; then (36) the

concentration of electrons or holes may be written as ,

3/2 o

o om =2 3"-:1‘—55?-— ep | - S (2.27)
where ne = concentration of electrons in the conduction band (m—3)

nh = concentration of holes in thé valence band (m-3)

M = rest mass of the electron (9.108 x lom31 kg)

k = Boltzmann's constant (1.38 X lo-3 J k-l)

T = absolute temperature.(k)

h = Planck's constant (6.625 x 10—34 Js)

Eg | = energy gap {(eV)
It can be simplified as,

21 3/2 g -3
ne = nh =5x 10 (T) expf ~ —= m (2.28)

2kT
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and the conductivity also is given by,

- (Ec —'Ev)
Oin ={const. } exp | —m——— _ (2.29)
kT
where on = intrinsic conductivity
Ec = energy of conduction band
EV = energy of valence band

Finally, in the extrinsic electronic mechanism the cérrier
density depends on the concentration of the isolated energy levels and
their states of ionisation. The density of the energy levels is directly
related to the concentration of the defect which causes them ; eécb
defect Qill give rise to an énefgy level (45).' The state of ionisation
©will depend on thé energy level, bandgap separation and temperature.

For measuring electronic mobility it isvassumed that the hole
and electron mobilities are equal ; the calculatioﬁ of mobility, u can
be made by measufing of Hall effect in the material. In order to measure
ionic mobility, use is made of the Einstein expression (39,46), i.g;

L = p 28 | (2.30)

kT
where ﬁ is the diffusion coefficient (m2 s_l) which relates to specific
ions, and the other quantitiesvaré as defined previously.
In somé materials. the conductivity takes place with’both electrons
and ions. The ratio between electron and ion conductivity depeﬁds on the

temperature and the chemical composition of the material.
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2.7 DEFECTS IN CRYSTALS

vDefects in the crystal structure may cause isolated energy
levels and as mentioned before these isolated levels increase the
ektrinsic electronié mechanismbof conduction. Thereforé, essentially
the investigation of defect conduction in crystai structures is required.

Mott and Gurney (47) have suggestedvthat,there are only two
ways of sites( 1 = Schottky defect vacancies, Qi 2 - Frenkel defects
interstitial ions. In the first one it is created by transferring an
atom from a lattice site to the surfaqe of the crystal and making a new‘
laYer of crystal lattice. In ionic crystais, it is usually favourable

energetically to form roughly equal numbers of positive and negative

ion vacancies. The formation of such pairs of vacancies keeps the crystal

electrically neutral. The number of created vacancies, n is given by,

. E .
n = N exp okT (2.31)
where N = total number of atoms in unit volume of crystal
E = energy of formation of vacancy

‘The presence of'Schottky defects increases ﬁhe volume of the
crysta;.

In the second case (Fﬁenkel_defects) in which an atom is
trénsferred from a lattiée site to an interstitial position in the
lattice, its position is not normally occupied by any other atoms.
Therefore, the number of atoms which left their position,‘n is given

by,

n.= /NN exp _E - (2.32) .

2kT
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where N

= total number of atoms in unit volume of crystal
N' = total number of possible interstitial position
E = energy required to take an atom from its position

These defects can occur in any part of the crystal ; and are
mobile (with different mobility) which causes conductivity in the
homogeneous ;attice. It is conéluded that part of the conductivity
is due to motion of these defects in the material, and this represeﬁts
another type of COnduétion mechanism.

2.8 IMPURITY CONDUCTION

Impurity conduction in matérials has beéﬁ studied by Mott ahd
Twose (48) and Mott (49). The basic idea is different in that it is
assumed that electrons occupy the donor levels ana holes alsovoccupy
acceptor levels. Mott and Twose pointed outvthat‘charge tranSport can
occur by tunnelling from an occupied donor level to an adjacent vacant
donor level. Alternativély, charge transport'may proceed by excitation
of the localized electron over the potential barrier which separates it
from an adjacent vacaﬁt site. This process can be called impurity
conduction,

Impurities have a double effect on the conductivity of crystals.

Firstly, they represent a source of highly mobile ions with low activation

energy and therefore increase by many times the conductivity of such
crystal and secondly they weaken the crystal lattice and faciiitate the
movement of lattice ions.

2.9 FREQUENCY DEPENDENCE OF THE CONDUCTIVITY

Thermally activated hopping in a high density of localised
states has been examined by Mqtt (SO)Iand Mott and Davis (51). This
idea has also been suggested by Pollak (52) and Pollak and Geballe (53).

They proposed that the transport of electric charge occurs by electron



32

hopping between those states which are localized, surrounding acéeptor
and donor impurities, i.e. the a.c. conductivity of a hopping system
has been based on a pair approximation, in which successive hops of a
"carrierxr are assumed to be independent of each other. The hopping
probability is given by,

i (2.33)

l +wr
where,‘f is the mean time which is taken to jump_(jumping time).

They also suggested that in order to compensate the impurity
(which mﬁst be an. original feature of impurity conduction) it‘is necessary
that some of the localized states be vacant.

The coulombic potential between states may be altered by thermal
energy. ﬁowever, it can be éhanged by an applied electric field, which
establishes a new equilibrium, and then polarization has occurred. The
rate of polarization can be considered as a current in an a.c. measure-
ment.. The polarization is related to the hopping time and also to the
distance of geparation of two sites.

Hopping»conduction cannot produce a lérge amount of conductivity
but the introduction of some impurities can ihcrease it significantly
and it gives major contribution to the a.c. conductivity at low tempera-

tures. The a.c. conductivity as a function of frequency and temperature

A\ ) .
when —EE >>1 and vph = lOl2 Hz can be represented by (51) R
. _ .
4 v
. 2 -
o ) ="t ?xrn @)% o5 |, b W (2.34)
12 F v w :

where o represents the effective radius of the electronic wavefunction,
vph represents a characteristic phonon freqﬁency, N (EF) is the density

of states with energy near the Fermi level and the other symbols have their
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usual meanings. The main contribution to the conductivity comes from

pairs with a spacing between atoms of the order of E%— (this arises

by taking the average over R where R = hopping distance). Since
. v 4
g(w) v w {Ln —%ﬁ holds in eqn. 2.34, over a large frequency

range eqn.2.34 may be approximated (54) by the empirical relation,

o (W) =A4Aw (2.35)

with n = 0.8
Similar equations have been found by oﬁher theqreticians, Pollak (55),
Austin and Mott (56) Jonscher (57) and others (58-59). 1In eqn. 2.34
Mott and Davis (51) éuggested that,

e

" = : (2.36)

where m effective mass of the charge carrier

AE = bandwidth of the localized states.

The conductivity can be expressed by the general relation (59)

of,

olw) = "g¢ + og{w) (2.37)
dc ac

" where

o (w) « w » (2.38)

a is frequency independent at low frequency and ¢ << ¢
dc dc ac

If, in hopping conduction hops occur with approximately fixed
frequency or the frequency of the applied electric field is very much

greater than the hopping frequency, then the conductionbwill be frequency

independent (58).
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Pollak and Pike (60) in the study of coﬁductivity of glasses
have noticed that the exponent, n, varies with temperature. Aléo, Moore
(58) showed that n is temperature dependent ; at low temperature it is
near unity and as the temperature increases it becoﬁes progressively
smaller.

The variation in the values of n in eqn. 2.38 are controlled
entirely by multiple-hopping processes. Values of n close to unity are
obtained when successive hops of the carrier occur with markedly
different hopping frequencies, while values df n hear zero are obtained
either when successive hops occur with approximately the same hopping
frequency or when the frequency of the applied field is greater than
the hopping frequencies.

The component of the hopping conduction can be easily
distinguished from that of ionic and electronic by measuring the frequehcy
dependence of conductivity (61).

2.10 TEMPERATURE DEPENDENCE OF CONDUCTIVITY

It has been noted before that the impurity contributes to the
conduction. The experimental results are usually well approximated by

the formulq,

(2.39)

where the first term with a high enerqgy, El' is related to the lattice

’ions the second ﬁerm with lower energy and, Eé, is related to impurity

ions. However, the separation of egn. 2.39 into two terms is reasonable,
becauss,at high temperatures,when the movement of lattice ions is pronounced
and small numbers of impurity atoms do not have any appreciable effect on

g, and at low temperatures the number of impurity atoms appreciably.exceeds

the number of matrix ions even at low impurity contents. It is true to

say that at sufficiently high temperatures,o represents the electrical
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conductivity of the lattice and at low ﬁemperatures the electrical
conductivity is only due to impurities.

The temperature dependence of the electrical conductivity is
usually represented by eqﬁ. 2.39. Pollak (52) has pointed out that
the frequency dependence of hopping conductivity becomes weakened at
the higher temperatures and it is proposed that multiple hops can account
for these phenomena;

It is experimentally observed that the more pronounced tempera-
ture depeﬁdence is always associated with a weakened frequency dependence
on higher temperatures. An increased temperature dependence and a

decreased frequency dependence always occur together.

"2.11 HOPPING MODELS ; THE>JONSCHER THEORY

The conduction mechanism in dielectric materials is due to the
electrohic and ionic hopping through the solid. Jonscher (62-63) has
shown that the hopping mechanism similarly ﬁQ electronic and ionic
conduction, has a characteristic of frequency'dependence, énd therefore,
over the frequency range of interest several mechanisms of polarization
can occur in different kinds of materials. These polarizations may be
due to permanent 6r induced dipole or hopping electrons or ions within
the material and they are frequency dependent.

The hopping mechanism was suggested for the first time by
Pollak‘and Geballe (53). They measured the conductivity of n-type silicon

containing various kinds of impurities and observed that the magnitude of

the measured a.c. conductivity was larger than the measured d.c. conduct-
ivity ; they attributed this to polarization caused by hopping processes.
These polarization mechanisms may be considered fundamentally in terms of
the Debye susceptibility X(w), which is due to rotating dipoles or

localized ionic charges and is a function of frequency. The susceptibility
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is complex and can be expressed as

1

X(w) = X' (w) -3 X" (w)]e (2.40)

1l +3wrT
where T is the relaxation time and is the feciprocal of the natural
hopping frequency in the absence of any external electric field i (T
may be temperature dependent) ; w is the angular frequency ; X'(w) and
X"(w) are the real and imaginary parts of the Debye susceptibility.
i The right-hand side of eqn. 2.40 can be divided into real ana
imaginary parts as follows :

i ' I 1t « 1 4 wrT

L +u T Tl 4+ owoT

(2.41)

Ideally the imaginary part of the susceptibility, i.e the dielectric

loss is equal to

X' @) = (2.42) 7
' 1 +w1 !

Examination of eqn. 2.42 shows that there will'be_a maximum when = 1
which correspondé to a peak loss whose width. at half-height is equal to
l/VPE'times the peak height. In real dielectric-materials, however,
the majority show much broader peaks. This type of loss can be represented
in empirical form (64-65) by

~m 1-n

=f % + — : ' (2.243)

In this equation ml and w2 are dependent on temperature and both
exponents m, and l-n, are smaller than unity. It is found that the

behaviour of many dielectric materials in which the polarization is due
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to hopping conduction of ions or electrons, the loss in the material,
(and consequently the conduction), is described by the second term of
eqn.2.43.

The dielectric response of a wide range of materials shows that
the observed behaviour departs strongly from the Debye response and it
follows a “pniversal dielectric response law", in which the dielectric

loss follows the empirical law

R (@) o« o™t _ (2.44)

where the exponent n, lies in the range o< n< 1 with typical values
between 0.6 and 0.95. It has been shown that both the Debye and the
"Universal Response" may be caused by either dipolar or by hopping
charge mechénisms.

The relationship of X" (w) with frequency implies that the real

part of X(w) must have the same frequency depehdence, i.e.

X' (w) < 0 (2.45)

There is an important relationship between X" (w) and X'(w). The ratio
of the imaginary to real parts of the susceptibility; X(w) is independent

of frequency (40) i.e.

X _or | 2T ’ (2.46)
X' (w)- 2

This relationship is known as the Kramers-Kronig equation and represents
the "Universal Law" of dielectric behaviour. It has a very simple

significance, namely that

Energy lost per cycle _ _ nn
Energy stored per cycle const = cot 2 (2.47)
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This behaviour should be compared with the Debye relations which shows
that the ratio ol'tained by dividing the imaginary and real part of
Egn. 2.41 is equal wt. In contrast Eqn. 2.46 has its basis in the non-»
Debye polarization, and this kind of polarization has been found experi-
mentally to be applicable to all kinds of materials.

Tﬁe interpretation of the complex dielectric permittivity by
considering the "Universal Law" may be expressed by e*(w), which is a

function of frequency, by writing it in real and imaginary parts

€ (W) = e'(w) -3 e"(w (2.48)
= e +a(d o™t : (2.49)
nm \am n-1
= €_ + a|sin]—\{ -3 cos — w (2.50)
2 2

where e, 1is the limiting permittivity, i.e. the permittivity at high
frequehcy, and o <n< 1 ; the constant (a) determines the strength of
the polarization. The charactefistic-feature of this "non-Debye" or
universal relationship is that the ratio of the imaginary to the real
part of the dielectric suscepﬁibility is independent of frequency.
That is,

e (W) = cot | %% (2.51)

This is in contrast with the Debye dinolar behaviour of Egn.2.18 where

. this ratio is equal to wTt.

In most materials the conductivity has usually been found to he

also a function of frequency and its gencral form 1o, (%9),

o(w) = 00 + oac (w) N (2.52)
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where 60 is the d.c. conductivity and oac(w) is the true a.c. ponduct—
ivity. The d.c. component 00 has a high activation energy and experi-
mental evidence shows ﬁhat the temperature dependence becomes progress-
ively less with increasing frequency, (52). Thére is né correlation
between the values of Oo and oac(w) for varigus materials. The a.c.
conductiVity, oac(w), is also temperature dependent, the dependence
again becoming less at high frequencies. Aléo, there is no evident
correlatioﬁ between the magnitudes of d.c. and a;c. components of

conductivity, although oac(w) has 'a weaker témperature dependence than

g .
(o]

It has also been mentioned that the conductivity increases at
high impurity concentrations (55).

The Eqn. 2.52 can be written in the form of

i
Q
+

o{w) w e e" (w) (2.53)

where the dispersion obeys the relation

e"(w) e et () o« T (2.54)

and consequently only Oac(w) follows the relationéhip-

G (0 « _ : : _ (2.55)
ac

This dependence of conductivity with frequency is not only found in
disordered, glassy and amorphousvsolids but also in ordered molecular
solids in which the carriers involved can be electrons, polarons,protons

or ions (66).
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The exponent n in Eqn. 2.55 is close to unity (67) .

This "Universal Law" was first suggested by Pollak and Geballe.
Later, Jonscher (62,65-68) pointed out that, n in fact is not a constant
but depends on temperature. At low temperature it approaches unity
and as the temperature increases the magnitude of n, decreases and
approaches 0.5 or even less. If n is equal to unity, the loss, e", will
be independent of frequency. This is true in quite a wide range of
materials in which the loss is not-a function of frequency. Pollak and
Pike (60) have also shown that the conductivity of many glasses is due
to ionic hopping, and the relation 2.55 is a very general law, not con-
fined to any particular host matrix, type of carrier, or type of dis-
order. However, in many materials it is not certain whether the observed
behaviour should be interpreted by hopping mechanism or dipolar.

The hopping model was introduced for the first time by Conwell
and Fritzsche (69~70). According to their model, the transport occurs
by electrons, holes or ions, hopping between localized states, which are
essentially localized around acceptors ox donors at the positions of
particular ion cores. Such an electron or ion can hop from its original
site to another site with the same energy (52-53,56,63,71). Therefore
diffusion of electrons into the cfyétal is established and this diffusion
can be directed by applying an electric field ; all electrons will trans-
port along the positive direction of field gradient. The probability
of hopping of electrons or ions is strongly dependent on temperature
(52).

| At low temperatures the lattice vibration is negligible while
at high temperatures the lattice vibration is strong and conséquently
the hopping probability increases exponentially.

Any of these hoppings must have a distribution of hopping

parameters and the most important is the distribution of centres which
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may make possible multiple hopping in the material (72). For instance,
one imbortant parameter influencing the hopping mechanism is‘the
temperature.

If we consider an electron or a hole jumping between two
localised states at a certain rate, the following statement will hold.

By applying a low frequency field, much lower than the jumping rate, the
equilibrium of the states are established much faster than the period

of applied field. So the polarization will be in-phase with the applied
field and there will be no enérgy loss. Obviously, as the frequency
increases, the chance of keeping the polarization in-phase with the field
decreases and coﬁsequently the magnitude of the polarization decreases.
It is clear that this decrease will not be at a faster rate than corres-
ponds to an inverse proportionality with frequency, i.e. proportional

to the rate of change of frequency (52,53,56,73)7

2.12 CONCLUSIONS

Examination of possible polarization mechanisms which can take
piace in materials and also of the definitionvof complex dielectric
constant and its relevant electrical properties shows how the components .
of the complex dielectric constant, i.e. ¢' and &" are related to the
polarization mechanisms.

The study of the frequency dependent complex dielectric constant
predicts that according to the polarization mechanism, ¢' depends inversely
on frequency but €" is directly pfoportional to if. These are shown in
Fig. 2.6.

.Debye has found a relation between €', €" and frequency and
deduced a representation of &' and €" by a comple# diagram.

'There is litﬁle theoretical work on the temperature dependence
of ¢' in hopping systems. An interpretation has been given in terms of

thermal expansion and polarizability of the particle in the material.
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The classical conduction mechanisms and their corresponding
classes have been studied merely to review all pdssible mechanisms.
The basic idea of the hopping conduction mechanism was introduced by
Pollak and Geballe, then later Mott and other theoreticians developed
this electrical conduction model. 1In recent years the theory of the
"Universal Law" in materials has been considérably developed by
Jonscher. Hé examined this model on many different types of material
with various properties. He found that the Universal Law is insensitive
to the physical and chemical properties of the dielectric material and
to the predominant polérization meqhanism which méy be dipolar or may
be hopbing charge carriers, electrons or ions ; this theory can be
applicable for any dielectric material.

The review of previous stﬁdies of conduction in magnesium oxide
showed that its conduction mechanism has not yet been discussed in terms
of a hopping model. 1In this project such én attempt has_beeﬁ made in
order to examine the applicability of the Univefsal Law for pure MgO
and also MgO doped with iron o; chromium. In order to study the dielectric
properties of these crystals over a wide range of frequency, four different

techniques were utilized.
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CHAPTER 3

EXPERIMENTAL METHODS

3.1 - INTRODUCTION

In order to determine the dielectric properties of solid
materials over a wide range of frequencies, it is necessary to use
different measurement methods. ﬁach method is suitable only for the
appropriate range of frequencies.

At low frequencies (500 Hz~50 kHz) bridge techniques are most
appropriate and suitable for precise measureménts of the real component
of dielectric constant and conductivity. It gives direct readings, the
résults are repeatable and the accuracy is high.

At high frequencies, i.e. 100 kHz - 30 MHz the measurements
can still be carried out using a standard Q-meter. Above this frequency
range although within the Q-meter capabilities the measurements become
more difficult to carry out and the accuracy of the results is in question.
The procedure of measuring is the same as in bridge technique but with
less precision because of the inconsistency of assembly.

| As the frequenéy is increased further to 500 MHz - 7.5 GHz range,
the standing wave‘methods become more suitable. It is not an easy
technique,the results are difficult to repeat, the components used must
be precision made and the accuracy of the instruments must be high.

At very high frequency, i.e. microwaves around 9 GHz, due to
short wavelengths involved all the abo&e methods are inappropriate and
cavity resonator method must be used. It gives very accurate results
since there is no need to polish the samples ér chénge its position
within the cavity.

The specimens were grown by electrofusion method from powder
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and obtained from W & C Spicer Ltd. They were pure MgO and MgO with

iron or chromium concentrations as shown in Table 1l.1. The concentrations
were determined by X-ray or chemical analysis; The specimens were in the
form of thin square plates of differing size for each technique. Making
the surfaces of tﬁe samples parallel and smooth was a difficult task and
it was done by a Logitech mechanical polishing machine which gave the
surface flatness to within 0.25 micron.

3.2 BRIDGE TECHNIQUES

3.2.1 Theory

vThe dielectric properties of the magnesium oxide, MgO, were
examined at low frequencies. As Mungall (74) has noted it is conventional
to measure the capacitance, C, and the conductance, G, of the sample which
is held between a pair of micrometer electrodes, so designed that the
stray capacitance is minimized.

In the present experiment the measurements of dielectric constant
and the loss tangent (and consequently the a.c. conductivity) were made
using a Wayne~-Kerr bridge (Type—B224j over the frequency range from
Soo. Hz to 50 kHz.

Circular gold electrodes of 8 mm diameter were evaporated on the
opposite polished surfaces of the specimens to ensure a good electrical
contact over a well defined area between the'crystal.and the electrodes
of the dielectric test jig. Gough and Isard (75) have mentioned possible
errors due to coated electrodes on the surface of the sample and they
found that it is necessary for elimination of any air gaps between the
main electrodes and the samples to use gold evaporation. The diameter
of gold evaporated area has been chosen in order to allow the sample to
project beyond the electrodes, as much as possible ; this projection
minimizes the contribution to the conductance due to surface leakage

over the edge of the sample (76). However, this projecting crystal
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whose extent must be at least twice the specimen thickness, causes an
edge capacitance for which a correction must be made. This correction
term has been considered by Scott and Curtis (77) later.

3.2.2. Practical Arrangement and Procedures

3.2.2.1 Room Temperature

In the bridge technique, for measufements at room temperature
a substitution method is usually employed. The measuring jig as shown
in Fig.3.1 was fixed inside a metallic box in order to provide the sample
with a high degree of electrical shielding. The balance of the bridge
was first obtained without thé specimen being present. This removes
the effect of any residual capacitance and conductance. Then the
specimen was inserted between the electrodes and the bridge rebalanced
and the capacitance and conductance of the sample were obtained directly.

The components of the complex dielectric constant (e') loss
tangent, (Tan §) and conductivity (¢) of the ‘sample were then deduced

(78,79) from the equations

' - &
€ =T . _ (3.1)
o
G 6"
Tan & =&I5 = ';r , (3.2)
d .
o(w) = 2 G (3.3)
c - ¢ B 3.4
o ‘ - O' d . ) ( . )

where C = capacitance of sample (pF)
Co = capacitance of same electrodes with air (pF)
. -1
w = angular frequency (Rad s )
d = thickness of sample {(cm)
A = area of electrodes (cm2)
€, = permittivity of free space = 8.854 x 10—14 (F cm_l)
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At least three measurements were made on each sample and care
was taken to dry the sample thus eliminating any effect due to moisture.
The frequency generator used was a J3B Gould Advance signal generator
whose stabilized output was applied across the sample and connected to
the bridge.

For convenience the samples were cut in the form of a square
as shown in Fig.3.1 and some extended beyond the circular jig electrodes.
A correction for the edge effects was therefore necessary (80) in which
it was assumed that the thickness of the gold evaporated layer is very
small in comparison to the thickness of the sample. The correction
formula for the edge effects with circular electrodes of the same diameter

due to Scott and Curtis was used (77), i.e.

1.113 D 81 D
c = === { mn = -3 JUF (3.5)
e d
87
where D = diameter of each electrode in centimetres.

il

d thickness of the sample (distance between the inner faces of
the electrodes) in centimetres.

The Egqn. 3.1, which gives the dielectric constant of the sample has. now

been modified to

C (3.6)

Since in the capacitance measurement of the sample the stray
capacitance due to the electrodes is included in the measured value,
another correction factor is needéd before the true capacitance of the
sample, C, can be determined.

The equivaient circuit of a sample has been discussed by many

authoxrs (39,81) and it is usual to adopt the form illustrated in Fig.3.2a.
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In this equivalent circuit the sample is represented by a capacitance,
C, shunted by a resistance R which represents the loss in the sample.
These quantities represent the true values of capacitance and resistance
of the sample and they can be derived from measured quantities ; in
general they may vary with temperature and frequency. For a more detailed
analysis let CS be the stray capacitance associlated with the electrodes
and connecting cables. This capacitance is assumed to be parallel with
C as shown in Fig 3.2b.

The inductance has been omitted since the performance is being
measured at low frequency and its effect was considered insignificant.
It is also assumed that the leakage admittance is eliminated by the use
of a correction factor for the edge effects (76) .

On this basis the total capacitance, Ct' measured by the bridge
when the sample is placed between the electrodes is given by :

¢, =C +¢C (3.7)

In the next stage, when the sample is removed from between electrodes, the

capacitance of air, Ca' is measured ; it is given by

C = C + C (3.8)

where Co is the theoretical capacitance of air. By substitution for C
S
from Egn. 3.8 and Egn. 3.7, the capacitance of the sample is then given

by :

c = ¢C_ ~-cC + C (3.9)

In this equation Ct and Ca are measurable quantities and CO is found

by calculation, so the net capacitance of the sample, i.e. C can be found.
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* FIG.3.2 EQUIVALENT CIRCUITS OF DIELECTRIC
~ SAMPLE.
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3.2.2.2 High Temperature

In this measurement a two probe method was employed. The
electrodes were made by evaporating initially gold on the surfaces of
the sample and then platinum paste was used to keep the connecting wires
in place.

The apparatus was arranged as shown in Fig.3.3. It is a cylind-
rical furnace, equipped with on-off type controlling units in such a way
that the temperature of the specimen is kept constant to within + 5O C.

The wires to the specimen were first connected by means of a
mechanical pressure and then the whole assembly was fired in a furnace
at 300O C to get good mechanical and electricalibonding between electrodes
and specimen. The other ends of the wires pass through holes in silica
rods and:are connected to the bridge.

The temperature of the sample was measured and monitored using
two Pt/Pt 13% Rh thermocouple wires passing through holes in a silica
rod.,

All the measurements were made in air since there is no risk
of oxidation up to 7OOO C. The upper temperature limit was so chosen
that ﬁhe gold electrodes can not diffuse into the specimen.

The specimen was surrounded with a stainless steel tube which
was located inside and along the furnace. This tube is used as a shield
to protect the samples from all unwanted signals due to thermal noise
or electrical and other sources external to the specimen.

The measuring procedure was exactly as mentioned in room
temperature case. The measurement of capacitance and conductance of
the air'gap and the determination of stray capacitance due to leads

and electrodes was however not possible.
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3.3 Q-METER METHOD

3.3.1 Theory

The principle of the Q-meter circuit is based on the series
resonant circuit. Tts equivalent circuit is shown in Fig. 3.4 aﬁd
consists of resistor.R, inductor L and capacitor C, all in series
connected to a variable signal generator. Taking R as the total

internal  resistance of the circuit and L. and C as the total inductance

and capacitance we have at resonance w = w, o= 21Tfr and so,
£ _ 1
r o JIT  (3.10)

Applying a particular frequency and on inserting the appropriate
inductor enables»us to resonate the circuit. Then the magnitude of the
capacitor C at resonance, corresponding either to when the testing jig
is loaded or unloaded with sample is ﬁeasured. If the testing jig i§
connected to the circuit with the spacing of the elecﬁrodes exactly équal
to the thickness of the sample, the air gap capacitance will be C0 and

the total capacitance of the circuit,. CT is given by
cC = C + C + C + C (3.11)

where Cl = the variable capacitor of the Q-meter.

@]
il

capacitance of the sample holder (electrodes).

@]
il

capacitance of the connecting cables between Q-meter

and testing jig.

Since all the above capacitances are constant only the variable capacitor

Cl causes resonance at the chosen frequency.



(V)enf o

FIG.24 EQUIVALENT RESONANT CRCUIT
| OF Q-METER,
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By replacing the sample between the electrodes, (the sample

having capacitance Cs), C. changes to C2 when resonance occurs. CT will

1

now be equal to

= + + + .
c c CS CH CL (3.12)

c,-C,=C_ -C | ' (3.13)

The relative permittivity of the sample, neglecting the edge effect,

€' is given by

C = g'C _ (3.14)
s o} :
where
= A
Co - 8o d
and eo = permittivity of the free space
" =g.854 x 10 P anh
A = contact area of electrode with sample (Cm2)
d = thickness of the sample (Cm)

Substitution of Eqns. 3.14 in Egn. 3.13, gives,

-— = ' -
Cl C2 € CO Co (3.15)
= Cc (e'-1)
and then, ©
Cc.- C
1 2
e =2 2, (3.16)
C .
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The loss Tan § values are given by (82,83)

Q- © c (, |
tand = 2. = (3.17)
Ql . Q2 C. - C €

where Ql and Q2 are the Q-value of circuit with the sample out of and
in the testing jig respectively.
The effective resistance of the sample at the fregquency of the

test is given by (82).

9 %

11 |
R = 2 L L (3.18)
" % woG -

and finally the real part of conductivity is given by (83).
a 1
Re (0) = 2 'R | (3.19)

An external e.m.f. with voltage e is injected at the resonant frequency‘)
fr' Since at resonance the reactance components of the circuit are
, . . -3 .

.e. = where X = JLw d = —==— ) th dance
equal, i.e XL XC ( e X J an XC B ) e total impe
of the circuit is

= + 3 W - = . .2

Z R j (L cw) ‘ (3.20)
or simplified to Z = R, which is a pure resistive component. The current .
through the circuit at resonance is equal to % is the pure resistive

component of the circuit.

The magnification of the circuit is defined as ,

= X
Q = = (3.21)

where X = xL = Xc at resonance.
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From relation 3.21 it can be seen that the Q of the circuit equals the
ratio of the e.m.f. voltage, Vx' across one or other of the reactances

at resonance to the applied, constant e.m.f. VA . Therefore

v
X

Va

(3.22)

So for the determination of the Q-factor of a’fesonance circuit a con-
ventional voltmeter may be connected across the circuit capacitor and

this can be calibrated directly in terms of Q; This voltmeter is located
on the Q-meter and the QO-value of the circuit isvread directly from thié
meter.

3.3.2 Measurements

In this experiment all samples were cut into thin slices by a
diamond wheel cutter ana then shaped into squares (1 cm x 1 cm). To
ensure good electrical contact circular gold electrodes of 8 mm diameter
were evaéorated on the opposite polished faces. This reduced the contaét
resistances between electrodes and specimen (84).. Since some of the
crystal extended beyond the circular gold electrodes the measured |
capacitance of sample is not exactly the capacitance of that part of
the sample which is.confined by the electrodes. Therefore, due to
fringing effects, an edge correction is required (77). Thus EQn.3.l6

may be modified to

cC.—-C
v o= 22 3 , (3.23)
CO + Ce

whexe ce is the edge capacitance, (explained in detail in the low frequency,

Bridge method measurements) . The edge effect correction arising in the
calculation of tan § was nagligible.

The thickness of the samples was 0.3 mm,bthis is the minimum
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thickness which can be easily achieved by the cutting and polishing
techniques used. The thicknéss of the gold evaporation is negligible
compared with the thickness of the sample.

The measurements were made in air at room temperature, using
a standard Q-meter (Marconi TF 1245) and oscillator (Marconi TF 1246),
over the ffequency range of 100 KHz - 40 MHz.

The dielectric testing jig (Marconi TJ 155 C/l) was modified
using 8mm diametér circular electrodes and was located inside a metallic
box to ensure good electrical shielding of the sample.

The Q-meter is set to zero and this must be checked immediately
prior to making each measurement. Then the sample is inserted between
the jig electrodes. A constaﬁt inductor, I. is connected across the circuit.
Since the applied frequency is constantly changing a variable capacitor,

C2 on the Q-meter enables the resonance condition to be located. This
procedure was répeated when the sample was removed from the jig electrodes.
This time the variable capacitor is, Cl' In either case the Q-value qf.
the circuit is measured by direct reading of Q, which‘is indicated on

the meter.

The difference in capacity is function of the dielectric constant
€' (Eqn. 3.16) and the change in the magnitude of Q-value is a function
of the losé tangent, (Eqn. 3.17 and of conductivity ¢ (Egns. 3.18 and
3.19).

Similar measurements were then repeated at different applied
frequencies. The data was used to derive the dielectric properties and
conductivity from the Egns. 3.17 - 3.19 and 3.23.

In practice the knowledge of ﬁhe effective capacitances of Cl
and c, is required and it is given by (82) as

C = Cc. .. L (3.24)

E ind 1 - szC.
ind
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where Cin is equal to the indicated capacitances C, and C. and L is

1 2

the constant inductor used in the resonant circuit (CE = effective

d

capacitance). At high frequencies the value of CE

is significantly
different from the indicated value. The value of the efféctive capaci-
tance CE may be found from the conversion graphs_(82). In general it
is sufficient to use the value indicated by the tuning capacitor.

There are two kinds of error in this experiment. First those
related to the original calibrations or inherent imperfection of the
Q-meter. These errors will give rise to a fixed error in the measure¥
ments. The second one arises from errors in taking the reading for
each measurement (102). The latter one can be reduced by increasing
the number of measurements.

The error in €' was about 5%,difficulties in precise re-location
of the specimen causes some ‘differences in capacitance, which leadé to
variation of €'.

The error in Tan § is somewhat higher than €' and its estimation
is rather difficult, as contributions arise both from errors of capacitance
reading and Q-value determination. The estimated error in Tan § is abouf.
16%. Consequently the error for e'' is estimated'at 19%. The experi-

mental error in measuring conductivity is about 17%.

3.4 COAXIAL LINE TECHNIQUES AT R.F.

3.4.1 Theory

3.4.1.1 General Principle of the Method

The coaxial line technique is very important since it can be
applied to the measurements of complex dielectric constant over a wide
frequency range at r.f. Measurements were easily obtained using this
technique at frequencies between 500 MHz and 7.5 GHz.

In this method a dielectric sample whose electrical propertiés

are to be found is placed between the inner and outer conductors at the
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end of a coaxial slotted-line as shown in Fig. 3.5 (a). The permittivity
of the sample can then be calculated from the measured reflection co-
efficient at any desired frequency.

‘The technique is fﬁlly described by Roberts and Von Hippel (85)
also Dakin and Work (86). Other details of this technique can be found
in (87) ané (88) .

Since the absorption of power in the sample is negligible most
of the incident power is reflected and causes a standing wave pattern
on the line. The measured Voltage Standing Wave Ratio (VSWR) and con-
sequenﬁly the reflection coefficient and the shift of the firét minimup
i.e. (phase angle) give the magnitudes of €' and e'’.

3.4.1.2 Dérivations of ¢' and e''

It is assumed that a small shunt capacitance terminates the

coaxial transmission line when a sample in a holder is connected as shown - T

in Fig.3.5 (a). The impedance of the line is then measured and the
expressions for the €' and e'' deduced. This idea originally was
suggested by Westphal (89) who also tried to make a suitable sample
holder as shown in Fig. 3.6. Initially it is assumed that,X >> b-a and

‘d <<b-a (90-92) where,

A = wavelength of applied frequency (m)

The electromagnetic fields are enclosed and propagate along the
coaxial line.

The equivalent circuit of the sample impedance is given by a
R(e',;") and xc(e',e") in series (92) shown in Fig.3.5 (b).

The sample impedance is assumed to be given by
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~12 -
and where €, = dielectric constant of free space = 8.854 x 10 (Fm 1
. | )
A = area of the electrode (m)
d = thickness of the specimen (m)
*
Since € = g' - j e'' is the complex dielectric constant of the specimen

the impedance yields real R(e',e'') and imaginary Xc(e',e") components

i.e.
e'' d ‘
R(eg',e'") = ' 5 > (3.25)
we A(e!' 4+ ')
o
or
. v
X (e',e'") = e’ d (3.26)
c 2 2
w e A(e' + eg''")
o
From the transmission line theory and assuming that
z = R(e'ye'") -3 X (e',e"") ' (3.27)

the real and imaginary parts of the relative permittivity of the sample
can be found in terms of p, reflection coefficient and © its angle (93-94,

Appendix A) i.e.

2 o] sin ©
el = _ (3.28)
2
wcz (]l + 2|p| cos @ + 1)
oo
and
2
| 1 - ol
e = - (3.29)
2
wC 2 (|p| + 2|p| cos 0@ + 1)
oo
-1
where w = angular frequency (Rad s ™)
Zo = characteristic impedance (500 ) (ohms)
CO = capacitance of equivalent capacitor with air:
A
C = € -

o o d
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As the above equations show €' and €''can now be calculated if |p| and
© are known. These can be measured using slotted line technique at
the desired frequency.
Iskander.(90) has pointed out that the fringing field affects
the permittivity measurements. He has shown that the value of ¢' is
usually larger than the true value, while the value of €'' is not affected

by the fringing. He has also shown that the €' is larger by a factor of

%-where A is the capacitancé of the parallel plates and B is the fringing
capacitance. In this experiment the fringing effect was not considered
for two reasons. Firstly,the expression for B was not available and
secondly it was found that usihg two different sizes of the sample did
not affect appreciably the magnitude of €¢'. It was assumed therefore that
the effect was within the experimental errors.

3.4.1.3 Standing Wéve Ratio

Two waves travelling in Qpposite»directions_will interact £o
produce a standing wave pattern. It is characterised by the stationary
points of minimum amplitude along the line called the nodes, and the
points of ﬁaximqm amplitude. The minima and maxima occur alternately along
the line and one %- apart (95). The ratio of the maximum, Emax to mini-
mum, Emin amplitudes defines the standing wave ratio (SWR), or in the

case of voltages the voltage standing wave ratio (VSWR) i.e.

EInax
S = B (3.30)

min

It can be shown that (96) VSWR and the reflection coefficient,p , are
related, thus

s = Lol | (3.31)

1 -|p]



- 61 -

oY
s -1
o] = —=—— (3.32)
s +1
Er
where p = ‘ (3.33)
By

in which Er = reflected wave

Ei = incident wave

The expression 3.32 can be used to compute the magnitude of
the voltage reflection coefficient from the measurements of the voltage
minima and maxima. By finding the location of the first minimum, x, the

phase angle of p may be determined (95) from

0 2Bx - W ’ (3.34)

2 ,
where B is the phase constant given by TE and x is the distance.

g

3.4.2 Experimental

3.4.2.1 Slotted-Line and Probe Assembly

The most important piece of microwave equipment which is used
for measuring VSWR is the‘slotted line. This is normaily used ovei a
wide range of microwave frequencies. - Since the electric field in a
-coaxial line is a function of the longitudinal position a probe is mounted
onvthe line which has a slot along it for sampling the electric field
within the coaxial line. The cross-section of the slotted line is
shown in Fig. 3.7.

| As it is illustrated, probe is typicallyba piece of short

metallic wire.which projects into the electric field inside the line.
It is capacitatively coupled to the centre conductor (g). The rf voltage

on the probe is applied to the crystal detector (diode), which produces
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a direct current output. A meter placed in the circuit will be deflected
and will give an indication of the strength of the rf voltage at the
probé, which is proportional to the line voltage (Fig.3.7). In oxder
to obtain a sufficient reading on the meter an amplifier is inserted
between the probe and the meter. A complete assembly, including probe,
carriage, and detector, is often called the Standing Wave Indicator,
SWI.

3.4.2.2. Apparatus

The block diagram bf the most commonly used étanding wave ratio
measuring system used in our eXperiment is illustrated in Fig.3.8.

The lowest carrier frequency in‘the measurements was 500 MHz
modulated with 1 kHz. Another éignal generator was used (TF 1060 Marconi)
for the frequency range from 750 MHz to 1 GHz. Higher frequency ranges
were covered by 1.5-5 GHz and 4-12 GHz signal generator; The frequency
values chosen weré to give wavelength easy to measure and calculation.

Tﬁe slotted line used was General Radio (874-LBB) with the
frequency range from 300 MHz to 8.5 GHz. The assembly included
crystal detector, probe and tuning stub which are shown in Fig. 3.9.

The VSWR measuring instrument which also included the audio
amplifier was (V.S.W.R. Amplifier A.K.III).

The sample holder was basically a section of coaxial line in
which the sample was placed between the extended inner conductor and
the short circuit termination. This is illustrated in Fig.3.6.:

3.4.2.3 Setting Up Procedure

The conventional experimental techniques have been used before
the measurements were taken. This involved allowing the apparatus
initially a warm-up time in order to achieve a stable performance. When
the satisfactory conditions have been reached the measurements of VSWR

and the distance of the first minimum were noted. A number of measure-
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ments were taken and the final result determined by averaging.

| The samples were mostly of rectangulaf shape and as long as the
area of the inner conductor was covered actual dimensions did not affect
measurements considerably, i.e. fringing effects were negligible. It
must be ensured that the sample surfaces are parallel to each other to
avoid any stray capacitance effect. In order to obtain the best
results it was next necessary to tune the probe and stub assembly on
the slotted line. The recommended distance of 2.5 mm from the inner
conductor for the probe was set (97) and was found to give the best
results (Fig. 3.7). The output from the diode rectifier was adjusted
for maximum as indicated on the VSWR instrument using a tuning stub as
shoWn in Fig. 3.9.

Since the carrier wés amplitude-modulated the output from the
diode detector (envelope detector) was at the frequency of about 1 kHz
and was directly proportional to the rf powef, provided the detector is
aoperating in the square-law region.

It isvimportant to take care fhat the stub tuning is done on the
required fundamental and not on the harmonics.present in the line. This
can be ensured by measuring the distance between the two minimé which
must be equal to %'. The stub was capable of being ﬁuned at anywhere
from 275 MHz to 8.5 GHz.

3.4,2.4 VSWR Measurements

There are various methods available for measuring VSWR and
which one is suitable will normally depend on the magﬂitude to be
measured. Three basic methods which are very often uséd are (a) the
direct method, which uses the VSWR indicator and amplifier, (b) the
attenuator method, which measures the difference in decibels between

the minimum and maximum (95,98), i.e. since the (SWR) in decibel is
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given by,
SWR (dB) = 20 Log, S VSWR ' (3.35)
or
ds
VSWR = anti Loglo %0 (3.36)

and (c) graphical method used mainly for high wvalues of VSWR. Although
the direct method (a) is probably the least troublesome, itbis not
suitable for VSWR gréater than 50, because the accuracy cannot be
guaranteed. In addition it was found that the measurement of Emax could
not be determined with precision, since the amplifier in VSWR instrument
was saturating. A direct method of measuring voltage of the standihg
wave pattern at the minimum is possible using very sensitive electrometer

S S -11 -
instrument for measurement of d.c. currents down to 1O . 10 12 or even

lO_13 amperes.

The attenuatién method, (b) requires a precision variable étten-
uator (91) and since it was not available we could not check tﬁe suitability
of this method.

It was finally degided that for the magnitude of VSWR involved
the graphical method (c) will probably be thé most appropriate.

In order, however, to obtain the best results it was necessary
to carry out the calibration of the crystal detector (Appendix B), probe
and stub assembly. Precise measurements of the field intensity had to
be measuréd on both sides of the minimum from which using slope'lines
the value of the minimum was determined. Sincé the detector system is
only used for indicating the relative intensify, there was no need to
modulate the rf signal generator, and any meter would be suitable. The

signal generator was therefore left in C.W. mode of operation and the

detected signal was the d.c. component of the crystal detector measured
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using a sensitive ammeter or galvanometer. Provided the operation was
in the square—law\region one could relate the current measured to the
power input.

The measurements of the standing wave magnitude at each point
were reproduceg graphically on paper(Fig.3.10). The ratio of the maxi-
mum to minimum values gives the required VSWR.

Even with this>method it was found that large errors are

possible in obtaining Emin of the standing wave pattern.

3.5 RESONANT CAVITY METHODS AT MICROWAVE
| 3.5.1 Theqry |

3.5.1.1 Cavity Resonator

Various methods of measuring dielectric constant of bulk material
at X-band (9.3 GHz) have been suggested by a number of research workers,
(99;101). One of the most successful is the perturbation technique using
a microwave cavity resonator.

The technigue involveé inserting a small piece of a dieiectric
material inside the resonant cavity. It is placed on the end of a thin
silican rod which is then suspended in the position of maximum electric
field. The resultant shift of the resonant frequency of the cavity gives
the real éartAof the complex'dielectric constant, and tﬁe change in the
quality factor, Q, gives the imaginary part.

A cavity resonator is an enclosed space which is capable of
oscillating and storing energy. It is analogous to a low frequency
resonant‘cirCuit consisting of an inductance, a capacitance and a loss
resistance. In such a resopant cavity a lafge number of modes vary
accordihg to the shape of the cavity. The resonant cavity designed was
a 2.23 cm cubic made of copper. In practice a hole in one side of the
cavity is used for coupling the electromagnetic power into it via a

length of waveguide. The field patterns are in general denoted by a
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particular nomenclature, e.g. TEQ,m,n or T%L,m}n' The first means
Transverse Electric field and the latter Transverse Magnetic field and
subscripts ¢ ,m and n indicate half wavelength changes of the field in
the three directions x,y and z. The diagram of the resonant cavity with
its electric and magnetic field pattern is shown in Fig.3.ll. To obtain
solutionbfor the electromagnetic fields within a cavity the mathematical

treatment is based on Maxwell's field equations with the following

i assumptions

1. the cavity is completely surrounded by perfectly conducting

I " walls,

’ 2. the form of the field and the resonant frequendy are not
affected appreciably by the fact that the walls have a finite
conductivity.

The general expression for the fields of a TElOl mode in a
rectangular cavity are given by Montgomery (99),
V2 . Tz
E = ~-— sin ~-— sin —
Yy 2 c
" H = lr—_z.sin _lf_}i cos 'ﬂ'—Z_ (3 37)
X 2a c-a c :
Y2 X mz
H = —— CO0S - sin =
z 2 c
The electric field lines of this cavity with TE mode are seen
101

o to have a maximum value at the centre of the xoz-plane (Fig.3.1l). The

resonant frequency of the cavity is given by (99,103),

(3.38)
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where

C

velocity of electromagnetic wave in free space.

a,b,c dimensions of cavity

The cavity is characterized by its resonant frequency and the
quality factor, Q. It is defined as 2m times the ratio of the energy

stored in the cavity to the energy dissipated per cycle (104),i.e.

Energy Stored

Energy dissipated per cycle of oscillation

It may also be approximated to the ratio of the resonant frequency to the

at L
bandwidth the half-power points (at 0.707 of voltage or current maximum)

£
ie. 2. Q is also proportional to the ratio of the volume to the

Af
internal surface area.

: Many authors point out (104) that, in order to decrease the
losses of the electromégnetic wave inside the cavity the inner surface
must be made as smooth as possible. This increases the quality factor,v
Q, of the cavity. The quality factor for the TE mode is given by

101
(99, 105~106} ,

3
1o, 1|’
2
abc A a 02
Q = “"2'5—"3 _ (3.39)
— (a + 2b) +—= (c + 2b) '
2 2
a
where § is the skin depth given by,
L
s = (3.40)
and
p = resistivity of the metal wall (ohm m)
- ' -1
= permeability of the wall (Hm ")

fl

frequency of the cavity (Hz)
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3.5.1.2 Coupling

In the theory of the coupling hole it is usually assumed ﬁhat
the radiation may be represented by an equivalent electric and magnetic
dipoles located in the hole (103). The electric field is perpendicular
and the magnetic field is parallel to the plane of the hole. The physical
reprsentatioﬁ of the hole and the associated fields are shown in
Figs. 3.12—l4vfor the electric field and Figs. 3.15-17 for the magnetic
field.
| The effect of a small hole on a resonant cavity has been
published by Bethe (107). Collin (103) has proposed that if the radius
of the hole r, < Ao then it may be considered as being equivalent to
two dipoles, electric and magnetic. The hole with radius ro’and electric
field in the plane of hole are shown in Fig.3.18. The magnetic dipole

is given by,

8 3
M = 3 ro cCY (3.41)
where
C = the amplitude of the incident mode
Y =

wave admittance for the TElO mode

The direction of M is shown in Fig. 3.19. The susceptance of

. the hole is represented by (103),

B = -] — (3.42)

whose value will depend on the frequency of the applied signal and the
radius‘of the hole and B is the phase constant. Its magnitude
becomes rapidly infinite when the radius of the hole approaches zero
as shown in Fig. 3.20. To determine the radius of the coupling hole,

two important factors must be considered:
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1. the Q of the cavity should be as'higﬁ as possible. The
increase in the radius of the coupling hole lowers the quality factor Q.

2. on the other hand, the radius of the hole should not be
too small since then the magnitude of the suSceptance increases too much.
(Fig. 3.20).

In this case delivery of power to the resonant cavity encounters
difficulties. As a result, the radius is normally found empifically
and the best size which is recommended at 9.3 GHz is between 3 and 4 mm.

The inductive susceptance may be represented as discontinuity
between the cavity and the waveguide. This discohtinuity can be cancelled
by employing another discontinuity at another place along the waveguide.
This is normally achieved using tuning screws as matching components.

The equivalent circuit of the resonant circuit is shown in

Fig. 3.21 (8l1). From the definition of Q it can be written (100) that,

Q = -—? (3.43)

where U is the energy stored and P is the power dissipated in the cavity.
There are three kinds of Q distinguished (108), (a) Qu (the unloaded Q)

where only loss in the cavity is taken into account, is given by,

w L

o ,
Qu = 5 , (3.44)

(b) QL (the loaded Q) in which the loss of the cavity and the coupling

system (hole) are taken into account, i.e,

0 = o - (3.45)

and (c) QE (the external Q) where the loss due to an external circuit
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is taken into account, i.e.

wOL
= — 3.46
QE Z ( )
o
Zo .
where by definition B = = is the coupling parameter. On substitution

Egn. 3.44 in Egn. 3.45 we obtain,

Q
Q = — (3.47)
1L +8
and
Q
E
B
These three types of Q are related to each other via the relation,
N (3.49)
L u E

which states that the total loss of energy in the system (cavity and

hole) is equal to the sum of the losses in the cavity and coupling} From

Egn. 3.48
Qu
B8 =_—-—Q
E
or since ,
Z : Z
1 0 1 R 0
—— = and =— = —— therefore B = —
L ;
QE woL Qu wo R

when B = 1, Q, =% = 2 QL and consequently, R-= Zo' The cavityvis
then matched to the waveguide and the coupling is called critical. When
B < 1, the cavity is undercoupled and when B > 1 the cavity ié ovér—
coupled. In practice few ﬁethods of coupling are used. However, to

obtain a high Q system a round hole should be used as coupling (98).
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3.5.1.3 Matching and Perturbation Theofy
As it has been pointed out by Bethe and later by Collins, the
coupling hole across the waveguide is equivalent to a normalized susceptance
and it presents a discontinuity in the waveguide ; as a resuléﬁiismatch
condition occurring the energy ofﬂglectromagnetic wave cannot go
through the hole completely. . This effect of mismatch can be cancelled
at any particular frequency by introducing another discontinuity else-
where in the system, whose reflection coefficient is in antiphase with
that of the original mismatch. This can be done by either single or
double écrew matching sections which may be inserted in the waveguide.
These metal screws extend into the gﬁide only a short distance in
comparison with the wavelength as_shown in Pig. 3.22. Since the electric
field E is effectively the same value on either side of the screw, the
tuner can be represented by a shunt admittance. Because the line is loss-
less, this shunﬁ admittance can be assumed as a pure susceptance as
shown in Fig. 3.23.
| The tuning screw has a capacitive effect whenever its length
d< %- and it has inductive effect when d > %-.
| In practice two screws are often used as shown in Fig. 3.24.

Their combination forms a matching unit known as two stub tuner. Their

equivalent circuit may be represented as shown in Fig. 3.25. For matching

the cavity impedance, the tuners are adjusted in such a way that the
normalized input impedance (with respect to Zo) of the system is unity
(109).

The distance of the first screw from the cavity has been given
in (105) and its position is very critical. The distance between screws
is equal to_%-.kg,where Ag is the guide wavelength.

The nofmalized susceptance of a singlé screw is given by (103)

and for two screw combination matching units it is usually determined
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graphically using circle diagram (105).

When a small piece of dielectric material is introduced‘into
a cavity, the quality factor, Q, and the resonant frequency change.
The relations between these changes and the properties of the dielectric
material which are deduced from the perturbation theory were first
proposed by Casimir (110). Then it was further extended and developed

by Waldron (111 and 112) and others (100, 113, Appendix C), i.e.

A

Af 'ay S f
= = 2 (e'-1) v (3.50)
o o
and
1 Vs
A=) =4 ¢'' — (3.51)
Q \Y
o
where Vs = volume of sample
VO = volume of cavity'

The negative sign in Eqn. 3.50 indicates that Af is negative, i.e. by
introducing a sample the frequenéy of the cavity is lowered (114). If

the Q of the unperturbed and perturbed cavity are measured as well as

the shift of resonant frequency then the ' and €'' can be determined.

The method is a well known tool, and the only limitations
are that the frequency shift should be much less than 1% and that the
volume of the material introduced should not. alter appreciably the
fieid inside tﬁe cavity. It is important to introduce the sample at
a point in the cavity where the magnetic field is zero and the electric
field is maximum (111).

3.5.2 Experimental

3.5.2.1 Apparatus

The block diagram of the apparatus is shown in Fig{ 3.26.



"SNIVAVddY 3JAVMOYUIIN 40 WVY¥DVIQ %2018
9¢ €0l

i Jojedsg jo ndup |ejuoziioy 0 —emm— —— ||

| — €
g 6L 1 X
! ~
0 3
Jo4einpoy _ ¥
woyg jeubis dasmg Www _
| U v I
o N\ﬂ O—— e 7
X 1eubis  papayay
Q/ Co— =z

S50 @ leubis  juspioug




- 73 =

A reflex klystron was used as the microwave source and the modulation

for producing the- frequency sweep was provided by a sawtooth waveform

generator.

Two chosen crystal detectors X, and X_. showed an almost

1 2

identical response for the required power and frequencies. The set up

consisted of the following equipment :

lo.
11.
12,
13.
14,
15,
l6.

17.

18.

19.

20.

Power Supply

Reflex Klystron

Isolator I

Attenuator I

Directional Coupler (incident power)
Isolator II

Attenuator II

Directional Coupler (reflected power)
Slotted-line

Cavity under test

Modulator (Sawtooth wavefbrm generator, RAMP generator)

Attenuator IIT

Wavemeter (cavity)

Precision attenuator IV

Matched pair crystal detector, xl andlx2

Attenuator V
Dual trace osscilloscope (D 65)
Crystal detector, X

3
V.S.W.R. Indicator

3.5.2.2. Calibration and Matching

Admittance of the combination of coupling hole and cavity is

given by Y

s

1
G - JjB where R is (R = E‘) is the resistance of the cavity

-and B is the susceptance of the hole which can be determined with the



- 74 -

aid of gfaphs (115). Tt is assumed that the coupling hole does not
have any resistance and if it does it is too émall to be considered.

The waveguide with admittance Yo = El is connected to a
termination Z # Zo (Zo is the characteristic impedance of waveguide) .
Aécordihg to the principles of.transmission lines the propagated wave,
if 2 # Zo' is partly reflected and the standing wavevpattern is created.
It is known that the impedance varies in a periodictable manner and
repeats its value every half-a-wavelength. It ié assumed that the
édmittance of the guide at B'-B'is G-jB. By-means of tuning screws
the susceptance of +jB can‘be introduced at B'-B' which cancels the
susceptance of the hole. The resistance of the screws can be ignored.
As shown in Fig. 3.27 at the B'-B' the conductance of the cavity is
equal to the conductance of the guide, i.e. Go = G.

The setting up and calibration procedures are as follows :-

(i) With the cavity in test position (B-B plane) the Klystron
reflector voltage is adjusted and klystron cavity tuned to the desired
mode as indicated by a dip on the oscilloscope (Y2) display in Fig.3.28.
The incident signal without a dip is given by the oscilloscope Yl

display, Fig. 3.28. The dip is caused by the cavity absorption and

placing it on the top of the klystron mode on the Y_ display ensures

2
that the klystron is operating at the resonant frequency of the cavity.
(ii) Por calibration puréoses the cavity is disconnected and a
short circuit plate is introduced in position B-B.
(iii) Attenuators IIi, IV and V were set to zero attenuation.
(iv) Attenuator I was adjusted to decrease the incident power
to crystal detectors xl' X2 and X3 to ensure that the operating range
is within the square law characteristic.

(v) Before applying the outputs of the crystals to the oscillo-

scope input sockets, the two base lines are first brought into coincidence



—————————

> B G-jB
(o J )
G-B I |
|
|
G:Go
FIG.3.27

EQUIVALENT CIRCUIT OF CAVITY AND MATCHING
SCREWS  ADMITTANCE.

REFLECTED TRACE
OUTPUT OF X,

FIG.3.28

KLYSTRON MODE.
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by vertiéal centering control. The output of eaéh crystal was brought
to zero for checking that the base lines are coincident.
(vi) After connecting outputs of X and X, to the oscilloscope

1 2

inputs, the traces of the crystals should coincide ; if they do not
this can be corrected by attenuator V. Whenever the attenuator I is
varied from (0-15) 4B, both outputs should ideally decrease at the same
rate. The discrepancy was determined by the residual attenuation in IV.
The magnitude of this discrepancy was about 1 dB.

After the cal%bration of the sYstem was carried out the cavity
was replaced back at B-B, and both incident and reflected traces were
then disélayed on the screen of the oscilloscopé. On the reflected trace
a dip was observed which relates to the resonance of the cavity.

Two methods of tunihé the cavity were considered, i.e.

(a) Using the Resonant Curve on the Oscilloscope

When the matching condition is approached the display curve
becomes sharper and the bottom of it reaches up to the base line (114)
as shown in Fig; 3.28. The actual match is indicated by the dip to the
zero power level on the oscillbscope. Obviéusly this method is fairly
tedious experimentally, because the two screws can have many combinations.

."',(b) V.S.W.R. Method

When the.cavity is matched to the waveguide the VSWR approadhes
unity. The values of the VSWR will normally be just above unity. Under
the matched conditions very accurate measurements are required (95).
Special attention should‘be paid therefore to the instrument measuring the
VSWR. The VSWR of less than 1.05 should be aimed for to obtain a good
match. |

3.5.2.3. Measurements

The .gystem was now calibrated and matched and is reaéy for the

measurement of Q and fo' At this point it was necessary to ensure that
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the incident and reflected traces were coincident as shown in Fig. 3.28.
If there was not an adjustment which had to be made using the calibrated
attenuator IV which also gave the square of the reflection coefficient.

Frequency fO - By lowering incident power trace the corresponding trace

touches the bottom of the resonant curve (minimum point) of the
reflected power trace as shown in Fig. 3.29.

Then by tuning the wavemeter its resénant dip was broughtlon
the top of the minimum point and centre frequency (resonant frequency fo)

was measured as shown in Fig. 3.30.

Quality Factor, Q ~ By adjusting the precision attenuator IV the three
decibel points were found which determined the hélf power line on the
resonance curve as shown in Fig. 3.31.

The dip of the wavemeter was brought to the intersection of
the two traces on the right and on the left side of the centre frequency

and two frequencies £, and f2 were then determined as in Fig. 3.32.

1
The bandwidth Af = fl—f2 was calculated and Q determined from
(115).
fo
Q = {3.52)
£,7%,
The relationship between loaded and unloaded Q of the cavity is
given by
Qu = (1 + B)QL (3.53)_

where B is the coupling factor.

Coupling Factor, B- For the determination of the coupling factor,B ,
thch is the function of the coupling hole dimensions the slotted line
was utilized, Firstly, voltage standing wave ratio, VSWR of the systém
was measured precisely, as described in (95). The position of the first

minimum was noted on the slotted line. The probe was then left in that
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position and the resonant frequency of the cavity was changed by the
amount'of at least five times Af. Then by moving the probe a little

distance the VSWR was measured. If it was near the minimum the cavity

‘ 1 . .
was undercoupled and B = = and if it was maximum the cavity was over-

£
£ , where £ = VSWR.

i

coupled and B

]

If B £ = 1 the cavity is coupled critically. This was

~ repeated when the cavity was loaded with a dielectric sample. From both

measurements the loaded and unloaded Q of the cavity,also its resonant
frequency, were determined. The shift in the iesonant frequency due to
the insertion of the dielectric sample gives the dielectric constant,

€' , according ﬁo Egn. 3.50. The change in the unloaded Q of the cavity
due to the insertion of the dielectric sample'gives the loss factor, e'!

according to Eqn. 3.51.

3.6 CONCLUSION
As it has already been explained, the dielectric constant of
MgO was‘determined by comparing the capacity of a condenser in air to
the capacity with a MgO sample between the plates, using bridge methods | f
or resonant circuit methods at low frequency.
The bridge method has many advantagés, it éan be used for low
and high Qoltages and currents. The method gives direct readings of the
capacitance and conductance. It can also bevused at high temperatuies
since it can be easily connected to the required apparatus.
In contrast with the bridge technique, however, Q-meter has .

two major difficulties. First, to measure the complex dielectric constant o

. the sample must be taken in and out of the holder for every frequency.

This disturbs the system and could create considerable errors. Secondly,
as the frequency increases due to inductive effect of the holder and
assembly connected to it, the results can be false. Therefore, the

measurement range is limited to a narrow band of - frequencies. There
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are also difficulties in connecting the Q-meter to the high temperature
apparafus.

The slotted line technique is very useful for lossy materials.
It does not, however, give direct readings of €' and €''. The method
of measuring VSWR in this technique was very time consuming and results
obtained were unreliable.

The cavity resonator method is able to deal with very low loss
materials and its adaptability and accuracy were good. It is a very
precise method but it still does not give direct readings of €' and €''.
Most important advantages of thié method are that the sample which is
inserted into the cavity does not require polishing and its dimensions
are smaller in compafison to those of samples used in bridge and Q-meter
techniques.

It is conCluded; therefore, that for low loss materials (e.q.
in the case of MgO) the bridge and cavity resonator techniques are
possibly the best because of their precision.

A number of errors exist in the slotted line technique. Before
any measurements are carried out it is important to establish the sources
of these.errots and devise methods of minimizing or avoiding them.

5 The most apparent errors are due to detector characteristic,
probe tdning, feadings along the line of maxima and minima of the standing
wave and signal distortion due to presence of harmonics and frequency
modulation.

In the cavity method the errors may be’ divided into two main
groups, i.e. those due to systematic causes and those due to random
behavioﬁr.

Systematic errors are those which affect each measurement by

the same amount such as the calibration error. Proper design or accurate

calibration of components can reduce these errors to a negligible value.’
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On the other hand random errors as the name implies, are due to random
fluctuations of the measured quantities. These can be estimated by means
of statistical methods from the results obtained using a large number of
measurements (118).

The results obtained using each method will be presented
individually and the possible errors and other difficulties encountered

will be discussed.
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CHAPTER 4

ROOM TEMPERATURE RESULTS IN THE LOW FREQUENCY RANGE

4.1 BRIDGE TECHNIQUE DATA

The conductivity data was deriwved direétly from the measured
cohductance and some conductivity - frequency variations are shown in
Fig. 4.1. The values obtained for pure Mgovahd MgO doped with a low
concentration of Fe (310 ppm) were the same, as indicated by the full
liné. The addition ofvlarger amounts of iron produces significant
changes shown by the characteristics plotted‘for specimens containing
4,300 ppm and 12,800 ppm Fe respectively.

Comparison suggests that at any particular frequency increasing
the concentration of iron increases the conductivity.

The conductivity versus frequency characteristics of a Cr doped
MgO specimen is also given in Fig. 4.1. Adding an almost equivalent
concentration of Cr does not increase the conductivity as much as does
aéding Fe.

All the plots are linear and their slopes were found to be
the same. The data fits the “ﬁniversal Law" and comparison with the

relation

g (w) « W (4.1)

shows thét the exponent has the value n = 0.98? The magnitude of n
is the same for all the specimens.

The variation of log (e'-e ) with log w was also plotted for
the same specimens (Fig. 4.2) in deriving this g, (the limiting value

of dielectric constant at high frequencies) was taken to be the value
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obtained in microwave dielectric constant measurements at 9.3 GHz. Once
again the plots of this variation for the doped specimens showed that
all of them had the same shape of characteristic. All the characteristics
are linear with the same slope, and all fit the relation
e (W o« o 7Y (4.2)
within = 0.98. Replotting the data showed that the magnitude of (g'- ew)
at éach frequency is inversely proportional to the concentration of Fe.
The variation of é" with frequency was also measured and it
is shown in Fig.4.3. The plots are linear, following

w (1) (4.3)

with n = 0.98. The loss factor, e'', at a particular fregquency is waﬁﬁ,w

higher for the heavily doped specimen than for the pure Mg0O, lower Fe
concentrétions are located between these values.

In order to clarify the effect of impurity concehtration on ' ]
permittivity and conductivity, plots of g' versus Fe concentration and
also of ¢ versus concéntration are shown in Figures 4.4(a) and 4.4(b)
respectivély. It is seen that the variations of both €' and ¢ are
linear over the concentration range examined..'There is inverse prop-
ortion between €' and conceqtration while 0 is directly proportional to
the concentrétion of Fe.

4.2 Q-METER METHOD DATA

The dielectric constant and conductivity data of pure Mgo
and MgO Qith different concen£rations of Fe and Cr at 1 MHz are summarized
in Tables 4.1 and 4.2 in which the values given fepresent averages of
several»measurements on each sample. For convenience a reference number
has been assigned to each sample. The concentrations of tﬁé iron doped

samples varied between 310 ppm Fe and 12,800 ppm Fe and for the chromium
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8
Conductivity,d x 10

Doped MgO at 1 MHz.

Referénce
. > : '
No Nominal Composition € -1 -1
(ohm cm )
1 MgO Pure 9.47 1.25
2 'Mgo + 310 ppm Fe 9.46 1.39
3 MgO + 2,300 ppm Fe 9.37 1.55
4 MgO + 4,300 ppm Fe 9.25 2.3
5 MgO +12,800 ppm Fe 8.81 4.0
TABLE 4.1 : Dielectric Constant and Conductivity of Pure MgO
and Iron Doped MgO at 1 MHz.
- 8
Reference Conductivity,o0 x 10
Nominal Composition g! -1 -1
No (ohm cm )
6 MgOo + 800 ppm Cr 9.55 1.4
7 MgO + 1,300 ppm Cr 9.44 1.5
8 Mg0o + 3,600 ppm Cr 9.3 1.85
TABLE 4.2 : Dielectric Constant and Conductivity of Chromium
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doped samples from 800 ppm Cr to 3,600 ppm Cr. They have been tabulated
in order of-increasiﬁg concentration.

In the present experiment data have been calculated as a mean
value of several measurements.

At constant freqguency the value of €' decreases on increasing
the concentration of the Fe or Cr. 1In contrast the a.c. conductivity
increases with the concentratioh of the dopant. The variation of
dielectric constant, €', of pure MgO with frequency is plotted in Fig.4.5.
The magnitude of e' decreases slightly as the applied frequency increases
up to 4 MHz ; ¢' apparently increases very sharply when the frequency
is increased beyond 4 MHz but this is due to inductive effects of the
electrodes and jig in the high frequency range, i.e. 10 MHz-40 MHz and
maybe misleading. A comparison of the variations of dielectric constant
versus frequency for pure MgO and Fe/MgO is given in Fig.4.6. This shows
the effect of the dopant (Fe) on the permittivity of the host material
over the frequency range of measurements. It can be seen that the
magnitude of the dielectric constant of both samples decreases with
increasing frequency. At any fixed frequency the ratio of their !
values is constant ; the value of this ratio is about 1.03.

There is not much difference between the dielectric constant
of pure MgO and MgO doped with 310 ppm Fe in this frequency range. The
data of both samples has been plot£ed in Fig. 4.7. Over two decades of
frequehcy, their difference does not exceed‘more_than the range of
experimental errors. This difference is almost 0.1% whereas the
experimental errors are estimated at 3%.

A further comparison between the permittivity of pﬁre MgO and
that of specimens having four different concentrations of iron (sample
refernences 1-5) made at two distinct frequencieé, 200 kHz and 500 kHz,

is given in Fig. 4.8. It shows that the magnitude of dielectric constant
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of Fe/MgO is inversely proportional to the concentrétion of iron.

In Fig.4.9 the variation of loss factor e''(w) with frequency
for pure MgO has been plotted. This variation can be compared with the
loss factor characteristic of heavily doped Fe/MéO which is also shown
in this figure. They show a slight decrease ué to 1 MHz. The variations
have slopes of 0.014 and 0.016 which both fit with the "Universal Law"
(Egqn. 4.3) where n is equal to almost 0.985. The a.c. conductivity
characﬁeristics of all the samples (cac(w) versus frequency) have been
plotted in Fig.4.10. They show similar characteristics and the conduct-
ivity ratios (o(Fe) /o Pure) at any particular frequency are constant.
The variation of cac(m) just over one decade of frequency is linear and
its slope is 0.98, i.e. n = 0.98, All a.c, cdnductivities agree,(Eqn.4;lL

A comparison of the conductivity of MgO doped with almost the
same - concentrations of iron and chromium respectively is shown ih Fig.4.1l.

Finally, log (e'—ew) versus log w was plotted in Fig 4.12 here
e, is the limiting value of e', which was taken from data obtained in
microwave dielectric constant measurements.

The data for loss tangent, Tan §, which has been derived directly
fromvmeaSured quantities,vis plotted in Figqg. 4;13; its variation with
frequency is linear.

4.3 DISCUSSION

The Q-meter data in all cases fits the extrapolation of the
corresponding bridge data confirming that the sgme behaviour and mechanisms
apply over the whole frequency range from 500 Hz to 30 MHz.

The conductivity of MgO is the sum of the d.c. conductivity and
the pure a.c. conductivity and the a.c. conductivity component is the
only part which is dependent on'frequency. In this experimeﬁt extfa—
polation of Fig.4.1 shows that the d.c. conductivity,oo ;s is very small

~-14 -1 -1 , )
(" 10 ohm cm ) for all the specimens examined and thus it can be
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neglected. Considering first the data for pure MgO we find thatloac(w)
follows the relation 4.1 with n = 0.98 over three frequency decades. -
-As regards the dielectric constant e;, there is a good agree-
ment between the present data on pure Mg0 (Tabie 4.3) and that reported
by others (Table 4.4).
The major conclusions concern the effect of doping. The data
for all specimens fits the Jonscher laws, i.e. good agreement was

obtained with the relations

o (@ = v | (4.4)
ac

(e'-¢,) o) (4.5)
et o« 0D | (4.6)

The magnitude of the exponent (n) for all samples being n = 0.98. .The
three methods for determination of n, as shown in Figures 4.1, 4.2 and
4.3 all give the same magniﬁudé for n, to within experimental error.
This value of n-is independen; of the nature 6f the dopant and also of
dopan£ concentratioﬁs. Since all the specimens yield identical values
of (n) (Fig.4.l1l) it can be concluded that the mechanism of conduction
is the same ; only the magnitudes of Oac(w) are different and these
increase with increasing concentration. Primarily, this‘suggests that
the probability of hopping increases with increasing concentrations of
the dopant impurity. This implies that the number of hopping centres
increases but that this occurs without a change in hoppiné mechanism.
It is known from ESR studies (124) that Fe and Cr have entered
the magnesium oxide crystal on magnesium sites as Fe3+ and Cr3+. aAdding

. . ; . 3+, . 2+
Fe ions introduces further vacancies ; since Fe 1s occupying a Mg
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site in the lattice one extra vacancy per two F¢3+ ions is produced in
the crystal. Similar vacancy formation will occur with Cr3+ ions.

It is of interest to compare the behaviour of Fe and Cr as
dopants. For two specimens doped to almost the same concentration but
with different impurity ions, (i.e. samples (4) Fe/MgO and (8) Cr/MgoO)
the conductivities at any particular frequency were different and the
conductivity of MgO with Fe doping is higher than with Cr doping. Fe
appears to be more effective in changing both, ¢ and €' than Cr. This
would not be expected on the simple vacancy production model and the

reasons for this effect are not yet clear.
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CHAPTER 5

ROOM TEMPERATURE RESULTS AT R.F. AND MICROWAVE FREQUENCIES

5.1 R.F.RANGE

S;l.l General

The dielectric constant, e'band the loss factor, ¢'' of all
samples héve been calculated directly using Eqns. 3.28 and 3.29
respectively and their conductivity obtained usingve".

In order to determine the magnitude of reflection coefficient,
Ipl, and the distance of the first minimum, thé VSWRvpattern for pure
MgO was plotted as shown in Fig. 5.1 at the frequency 710 MHz. To
illustrate the shift caused by the introduction of the sample that plot
of Fig.3.10 (short circuit) was superimposed in Fig.5.1. As can be seen
the shape of the pattern for pure MgO has not ‘changed as there is very
little power dissipation iﬁ the single Mg0 crystals, i.e. g + o.

To see the effect of dopant impurities on the magnitude of the
reflection coefficient, p, and the shift of the first minimum the VSWR
pattern for MgQ doped with iron (12,900 ppm Fe).was plotted in Fig.5.2
at the frequency of 710 MHz. As it is seen the readings at the minimum
points are higher than for the pure MgO case in Fig.5.1.

5.1.2 Complex Dielectric Constant

The variation of €' with frequency for pure MgO has been plotted
in Fig.5.3. The frequencies were chosen so as to cover adequately the
region between the X-band and the frequencies using Q-meter technique
i.e. 0.5 GHz- 7,5 GHz. It can be seen that e¢' decreases with frequency
linearly and it is difficult to determine the slope of the line precisely
because of the variations. By extrapolating to low and medium frequencies

the line has gf%n the slope of 0.02. Determination of the slope of this
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variation by itself is quite difficult, since any arbitrary line with
various- slopes can be consideréd. This is.because of the variation in
results at the measured frequencies.

»The plots for thedoped samples showed.the same characteristics
except for a constant shift. This is shown in Fig. 5.4. At any
particular frequency the value of €' is inveréely proportionai to the
concentration of Fe in the samples. It is ob&ioﬁs from Fig. 5.4 that the
doped samples with medium concentrations lie between high and low con-
centrations as expected, i.e. between pure MgO- and heavily doped MgoO with
Fe. However, the separation of results is difficult at any frequency as
they lie within the experimental errors. |

In Fig. 5.5 the plot of &' versus concentration of Fe was plotted.
This not only clarifies the effect of_dopant‘impurities in dielectric
properﬁies of MgO but also shows the effect of frequency on €. The
magnitude of €' at lower concentrations increases exponentially. As
the concentration increases €' gradually decreases and finally becomes
linear. Still,‘however, being inversely propoftionalbto the level of
concentration of Fe. The magnitude of €' for each sample is determined
at three different frequencies and shows the decrease with frequenéy.

In Fig. 5.6 the variation of ¢'' with frequency for pure MgO
and heavily doped MgO are shown. The loss factor variétions were

obtained using 'Eqn. 3.29. Because of the inaccuracy in the measurement

of the reflection coefficient, p, about 45% error in the results is

expected. The uncertainty in the measurement of p will be discussed later.
The variation of €'' is linear. The mean value is higher in

compari#on with the lower frequency data. However, the effect of Fe

conéentration may be deduced from these plots and concluded that e'' is

directiy proportional to the concentrations of the dopant impurities.
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The a.c. conductivity,oaéw) was calculated from the measuréd
logss factor. It was found that the value of the conductivity in this
frequency range, in comparison to the medium frequencies conductivity,
is higher. This is due to the 45% error in the measurement of the
reflection coefficient.

In order to see the effect of other concentrations of the dopant
impurities, o versus concentrations of Fe was plotted in Fig. 5.7 which
shows linéar behaviour and direct proportionality to the Fe concentration.
The plots also show the increase of conductivity with frequency.

The comparison between Fe and Cr doped MgO was made and the
results at most frequencies showed that the conductivity for Fe/MgO‘
was higher than for Cr/Mgo.

5.1.3 The Relationship between the p_and Fe Concentration

It is interesting to see how the refleqtion coefficient, »p
varies for different concentrations of Fe in MgO crystals. The ref-
lection coefficient was measured for various concentrationé as shown in
Table 5.1. The measurement was performed at 7.5 GHz. The plot of p
versus the percentage of Fe concentratiqn is shown in Fig. 5.8 and it
shows that it is inversely proportional‘to the magnitude of Fe in single
MgO crystéis. It is seen that the slope is consfant up to about 0.7% of
Fe concentration and then it rises exponentially. For pure Mo the value
of p is 0.97 and differs very little from p af short circuit (p = 1). It
can be assumed with vefy little error that they are equalvto each other.
In Fig. 5.9'the theoretical plot of VSWR versus réflection coefficient
is shown. Examining the result in plot Fig. 5.9 and comparing with the
result in Fig;'5.8, may be concluded that there are difficulties in
measuring VSWR> 65. Therefore our measurements for short circuit, pure

MgO and low concentration of Fe or Cr are not very reliable. This error
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Nominal Composition VSWR,
. A_S ) _A__B_ AS
of Sample S S o]
MgO (pure) 65.7 0.5076 0.97 0.010 33.33
MgO + 310 ppm Fe 24 0.3404 0.92 0.019%6 8.17
MgO + 2,300 ppm Fe 9.2 0.1173 0.804 0.0187 1.08
Mgo + 8,500 ppm Fe 8.7 0.1172 0.7938 |[0.0198 1.02
MgO + 12,800 ppm Fe 7.2 0.0972 0.7551 0.0192

0.6969

at frequency of 7.5 GHz.

TABLE 5.1 : Effect of Fe concentrations on S (VSWR) and p ;
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directly affects the loss factor of the sample, e'', i.e.
g =wec"' (5.1)
Substitution of e'' from Egn. 3.29 in 5.1 yields,

| 2
g = 1-0 - (5.2)

2
ZO (p + 2p cosO +1)

Qi

Apparently it is frequency independent but it is known,

or

= o ' (5.3)

where ZR = impedance of load which terminates Fhe line. ZR is frequency
dependent, therefore, p will also be frequency-dependeht and consequently
o from Egqn. 5.2. According to Egn. 5.2 conductivity of each crystal is
related to its reflection coefficient. Accurate measurements of o
depend on the accuracy of p. The conductivity is also related to the
position of the first minimum which give§ the phase angle of the reflection
coefficient, ©. The location of the first minimum point for any VSWR can
be measured precisely, thus miniﬁizing the errors.

Obviously, the experimental error in Iocating the voltage minimum
point for high VSWR is less than for low VSWR (125) , because in the
former case the minimum is sharper and more defined (126).

Ishii and Hsu (125) have shown that the magnitude of relative
efrdr on voltage reflection coefficient is not related to the magnitude

of VSWR in a range between 2 and 24. Their proposal has been checked
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in our experiment and as it is seen in Table 5.1 that éﬁ- values are
almost constant for VSWR <24 and decreases with the increase of VSWR.
' . AS .

On the other hand the error in VSWR, S decreases with the
increase of VSWR as shown in Table 5.1, It is also clear that for small
VSWR values such as Mgo + 12,800 prpm Fe, the relative error is less than
the relative error of pure MgoO.

5.1.4 Exror in Slotted Line Technique

5,1.4.1 Detector characteristics

A large degree of error can result from the change in the
detector characteristic at higher r.f. levels. The probe which is
connected to the diode detector picks up the electric field in the line
at various levels. The change in level to be handled by the detector,
can thérefore be very large as the probe moves between the maximum and
minimum of the standing wave pattern. In order to make sure that the
readings are'meaningful, it is important that the diode law is the same
at these levels. Any deviation ffom that will introduce errors. It is
important to keep the levels within a certain constant point on the diode
characteristic and_ic is usual to work in the square law region. -This
means that the rectified output current is Proportional to the square
‘of r.£f. power. In the higher regions the chaiacteristic becomes: linear.

The departure from the square-law may be checked using an ammecerb
in series with thé diode for different power levels and this was done in
order to minimize this error (127). The procedure is explained in
Appendix B.

5.1.4.2 Measurements of Reflection Coefficients

' By examining Eqgn. 3.31 it can be deduced that the value of £he
VSWR is very sensitive to small changes in the magnitude of reflection
coefficiént when it is close to unity (89). This can be seen in Fig. 5.9.
When the line is low-loss and the short circuit reference is used the

reflection is very near to unity and liable to large -errors.
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The reflection cqefficient of a shorﬁ éircuited line was measured
at 7.5 GHz the magnitude of reflection coefficient for the short ciréuit
condition was 0 = 0.9799. This showed that the figure was questionable
and the error possibly occurs in the method of measurement. However,
the measurements of VSWR and determination of p for pure MgO and MgO
doped with different concentration with Fe, were still valid on the
relative basis.

5.1.4.3 Harmonics and Frequency Modulation

The output from any signal generator especially at higher_
frequencies will always be distorted and consequently contain harmonics.
In addition there will also be difficulties in the measurements and
introduce errors in the rectifier diode current and detection. The
difficulties may arise in'establishing the minimum and maximum at the
fundamental frequency in the presence of the other harmonics. This can
be overcome by continuously checking the distance between two minima which
must be a half of wavelength ( %—) at the fundamental frequeﬁcy. Harmonics
can be usually reduced to negligible value by using low-pass filters as
shown in Fig.3.8.

Frequency modulation is usually prodﬁced when the generator is
amplitude modulation. The effect of this on the applied signal can
introdpce large errors for high ‘VSWR because of the distortion in the
standing wave pattern. Square wave modulation may be used to minimize
the frequercy modulation (86).

5.1.4.4 probe Penetration Error

When measuring a high VSWR it is sometimes necessary to increase
the probe coupling to obtain a reading at the voltage minimum. This
increase in coupling may result in a deformation of the pattern at the
voltage maximum and hence introduce some error. This may bé one of the
major sources of error in standing wave measurements (127). An excessive

coupling to the line may also cause a shift in the position of maxima and
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minima because of the capacitive effect between the probe and the slotted
line. All these errors can result in the measured VSWR to be lower than
it actually is (95).

In order to minimize the errors dum to excessive coupling a high
sensitivity crystal detector should normally be used and the probe pene~
tration should not be more than 5 to 10% of the internal cross-secﬁion of
the line (97). For the best performance it is obvious that the probe

coupling should be as small as possible.

5.2 MICROWAVE REGION

The dielectric constant, ', loss factof, e'' and a.c. conduct-
ivity,oac(w) obtained for the pure MgO and Mgo doped with different
concentrations of Fe or Cr at X~band (9.3 GHz) are summarized in Table
5.2. The values given represeht average values of several measurements
carried out on pure and doped MgO with different concentrations. The
magnitude of e' decreases as the concentration of iron or chromium
increases. But the magnitudes of ¢'' and o(w) are directly prdportibnal
to the concéntration of Fe or Cr in the crystal.

.It was found that the loss measurements (consequently conductivity)
were more difficult to carry out than the measurements of the dielectric
constant. Because €'' is related to the change of Q values of_the cavity
(Egn. 3.51) and determination of Q requires great accuracy.

In this experiment the unloaded 0] (Qui was found to be about
9000 in comparison to the calculated value of 11400. This difference
can be accounted for by the losses in the cavity wall surfaces.

The theoretical resonant frequency, fo in particular TElOl
mode, was calculated and it was 9.5 GHz ; however in practice due to

losses inside the cavity and also other imperfections, this frequency

dropped to 9.398 GHz.
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By inserting a sample into the cavity, the electric field.
inside the sample is affected by the shape of the sample (10l). In
this experiment it was placed vertically on a thin silican rod which
was suspended inside the cavity. The width of the sample must not be
wider than the diameter of the rod as the electric field will not then
be uniform in the sample. This was checked by putting the sample in
vertical and horizontal positions. The magnitude of ¢' in horizontal
position was less than that in the vertical position. The sample
should be placed in a uniform and'strong electric field region which in
the TElOl mode is at the centre of the cavity and of the same strength
from top to bottom.

The resonant frequency versus insertion length of the silicoﬁ
rod was plotted in Fig. 5.10. This relation was plotted again when the
samples have been placed on the end of the silicdn rod kFig. 5.11) . Both
plots showed linear reiationship and the shif; in frequency for particular
position was the same, i.e. both variations‘have the same slope and they
are parallel to each other. As a result the sample can be put anywhere
between these two plates, i.e. top and bottom plates of the cavity. At
the same time Q of the cavity versus the length of the rod insertion
length was plotted in Fig.5.12. The cavity has maximum Q when tHe rod
is at li.Smm‘from the top plate. The samples weré put at that point and
the difference of two Q's was calculated. These experimeﬁts wefe
necessary because the high accuracy of the perturbation formila would
only be realised if the specimen shape is suitably chosen and if the
specimen is suitably placed in the cavity.

For the lowloss materials and sinée the losses in the samples
are small, the change in Q is low, however, this produces a large
change in ¢'' (Egn. 3.51).

Different sizes of samples have been tested. Samples of small

volume presented some difficulties. Variations of %ﬂ versus volume of
: o
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the samples are plotted in Fig. 5.13. The value of ¢' for the ratio

of éé' ® 0.005 was obtained for the volume of about 4 mm3.
o
5.3 DISCUSSION

In order to investigate the reliability of the slotted line
technique, measurements were éarried out for éach sample several times.
The final result was deduéed by averaging the spread. As a result
of this procedure it was found that the following conclusions may bé
drawn.

(1) The magnitude of dielectric constant, ¢' is dependent more
on the distance of the first minimum (x) than the loss factor, e''.

Very small changes in x, give lafge changes in €'. For accuracy the
distance x, was measured using a micrometer.

(2) The samplé holder was a part of the extended inner con-
ductor as shown in Fig. 3.6 whose diameter was varied. Tt showed that
as the diameter of the inner conducﬁor increases the &' and e'' both
decrease. The magnitude of VSWR was found to be inversely proportional.
to the diameter of the sample holder. The diameter of 3.18mm was used to
obtain the value of €' and €''. The error of measuring the diameter was
estimated to be about 1.5%.

f3) The effect of thickness of the sample, d, has been tested
on the magnitudes of €' and ¢'' and it was found that it did not affect
the result to any extent. The error in measuring the thickness of d
was in.the order of 1.5%.

(4) The most critical measurement using the slotted line tech-
nique was that of the reflection coefficient,p, because its magnitude fbr
the samples used will normally be close to unity. It was discussed in
section 5.1.3 thatAvery small changes in lp] will produce large changes
iﬁ‘the magnitude of e'' hence the measurement of reflection coefficient

is of great importance.
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Because of the losses in the slotted iine and imperfect
connectors the measured Ipl is lower and therefore the magnitude of ¢''
will always be higher than its true value. There is no way of correcting
this error except by using more sensitive instruments.

(5) Evaporation of gold on the polished surfaces of samples
increases the magnitude of ¢' and ¢ by about 1.2% and 20% respectively.
This was deduced from the increase of VSWR of MgO doped with 6,200 ppm
Cr as shown in Fig. 5.14. Therefore, to avoid this increase of g, all
samples were measured without introducing goldﬁ

The variation of magnitude of &' with frequency for pure Mgo
in the slotted line technique changes linearly and it is in good agree-
ment with Jonscher's Universal Law, i.e.

e () o« ot (5.4)
where in general O0<n<l and it was féund to be 0.98. It is seen that
the experimental results obtained from two methods lie on a same line.

The behaviour of a very heavily and medium doped specimen showed
that they have similar characteristics (Fig. 5'4)f However, heavily
doped samples showed lower ' than the lightly doped ones for the same
frequency. From Table 5.2 it was also found that this effect was present
and €' is decreasing by increasing concentration of Fe or Cr.

From Fig. 5.6, it is concluded that the loss factor, e'' for the

doped sample is higher than in the case of pure MgO. The plots show that

they also fit the "Universal Law", i.e.

e''(w) « mn_l _ (5.5)

The data of a.c. conductivity of pure MgO and heavily doped MgO

versus frequency showed that both change linearly with the slope of
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n = 0.98. The results agree well with the "Universal Law", i.e.
o (w) « w (5.6)

The perturbation technique used herg is suitable for measuring
the dielectric properties of high loss materials. The principle of
the method is based on the perturbation theory and consequently some
assumptions are made, i.e.

(1) The basic assumption is that the change of field is small
on the introcduction of the sample (110). The sample must therefore be
as small as possible.

(2) The homogeneity of the specimen should be maintained since
this gives error in e'.

(3) An assumption has been made that.the shape of the sample
is such that the electric field inside is equal to the electric field
outside it.

(4) Ideally é%- must be less than 0.0l in the Eqn. 3.50 to

o

prevent large errors in the calculations.

To meet the requirement (4) above is difficult since in practice

%E equalled about 0.5. If it is less than 0.05, it presents difficulties
ii measurement and if it is greater than 0.05, it violates perturbation
theory.

In the measurements of Q and the resonant frequency, fo, the main
sources of error were essentially in the determination of the 3dB band-
width, i.e.

(a) due to the inaccuracy of the attenuators (systematic

(b) due to the wavemeter (110) calibration and fluctuations

(systematic and random error). The reasons for the error in the wave-

meter readings may be in turn attributed to, (i) instabili £ the

5SEP 1980 |

SECTION
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microwave source, and (ii) the error in the éalibration of the wavemeter
itself.

(c¢) the effect of the crystal detector in measuring the VSWR
because of the difference in the detector characteristic at minimum and
maximum readings. Its characteristic may be checked (Appendix B) and
it was assumed to have square law characteristic.

| (d) due to the small mismatch obtained using coupling screws.

In the slotted-line technique in order to achieve accurate
results, the slotted-~line and associated appaxafus should satisfy the
following requirements

l. A good quality slotted-line must be used.

2. The connections must be firm and figia.

3. Determinations must use connectors which are dimensionally
and electrically identical to the slotted-line.

4. The sample holder must be so desiéned that it does not
affect the characteristic of élotted—line, i.e. it must be tested and
calibrated without sample.

5. The characteristic of the detector must be calibrated.

6. The geometrical dimensions of the sample should iéeally be
smallef than the wavelength used. | |

7. The detector and the probe sﬁould be well screened against
stra& fields.

8. The sample should preferably have paiallel and well polished
surfaces. Also the surfaces ofvthe sample holder should be smooth.

9. Finally, it must be ensured that signal source is stablevin
amplitude and frequency ; also has low harxmonic content.

The slotted-line method is particularly suitable for lossy
dielectric material (96), because it produces é lower Ipl . Measure-

ments of reflection coefficient when it is close to unity are difficult
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and unreliable. The technique gives direct information about the
magnitudes of €' and €'' and their behaviour with frequency.
It is possible to measure higher VSWR within the square-law

region of the diode. The method will be entirely suitable for the

determination of the dielectric constant of material. The low values

of detector current at the minima of the standing wave pattern may be
measured using an electrometer instrument which for this project was

not available. In this case the power standing wave ratio will be

'obtained from which VSWR can be calculated and hence the reflection

coefficient.

In order to overcome the unreliability of slotted line tech -
nique in measuring dielectric properties of low loss materials due to
existing high VSWR, anothervmethod has been suggested. The method is
called'"Comparison Method" and is explained in detail (Appendix D) .

Due to lack of time it has not been devéloped although some
initial tests were undertaken which proved satisfactory and reliable.
This is left for the future work in the instrumentation and measurement

of complex dielectric constants.
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CHAPTER 6

DISCUSSION OF ROOM TEMPERATURE DATA

6.1 RELATIVE ADVANTAGES OF THE MEASUREMENT TECHNIQUES

Generally speaking the advantages of each method over the others
cannot be easily distinguished since each technique is the most suitable
for a particuiar frequency range and they differ from each other in
important essentials. For a brief comparison of the methods used in
the present project, some of their specifications are presented in
Table 6.1 ; this enables comments to be made on the sensitivity and

accuracy of each method. It is important to realise that the advantage

of each technique varies according to the type of material under investi~

gation, therefore the conclusions on their réliabilities are limited by
the dielectric behaviour of the material examined in the frequency range
used.

For both pure MgO and doped MgO, the bridge method Was found
very suitable ana reliable for low frequency measurements. Some
corrections for edge effects were needed in the calculation of ¢' and

€ll

. It is very sensitive ‘to small changes in the magnitude of conduct-
ance and capacitance for the sample under test. Therefore, it can be
used to determine the effect of very small pércentages of dopant
impurities.on the magnitude of conductivity or dielectric constant
(assuming that specimens of suitable area and thickness are avéilable).

In the Q-meter method,.by contrast, gréat accuracy is required
in placing the sample in its previous position beﬁween the electrodes

since (due to measuring procedure) the sample must be taken out of the

jig and then replaced. Its accuracy is not as high as that of the’

- bridge, but still it was found to be a very reliable technique for
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MgO single crystals. The operational freﬁuéncy range.is shorter than -
that for the bridge. It was observed that on increasing the frequency
the inductive effect of the assembly and other.circuit elements becomes
significant and under these conditions it does not give true vélues of
capacitance or Q of the cifcuit. This effect usually manifests itself
at about 4 MHz and databof over this limit cannot be regarded as
acceptable.

The greatest advantaée of the coaxial line is that, it cbveré
quite a wide range at high frequencies (r.f. range). 1In praptice,
however, some difficulties werekencountered due to the characteristics
of the MgO samples. For instahce the method‘of’measuring VSWR of the
standing wave created on the line due to the insertion of 3 sample was
found to be very critical and time consuming. Because pure MgO is
inherently a low loss material, the VSWR on the.line was consequently
very high. Other methods for VSWR measﬁrementvwere tried but proved
either impossible or unreliable. The present tecﬁnique is not suitable
for low loss material but it will give feasonable data for high loss
materials which is its conventional area of application.  This technique
does not give direct readinéé of €' and e''. The method can be developed
howevef, and some suggestions and calculations for derivation of ¢' and
e'' were made and are given in Appendix D. Due to the lack of time it
was not possible to use these developments in this project.

Finally, the cavity resonator (perturbation) method has beenA
found to be a very appropriate technique for measuring the dielectric
pfoperties of low loss materials such as Mg0o. It gives the highest
accuracy when measuring dielectric constant but some difficulties were
encountered in the determination of the loss factor. 1In general this
method is often simple, convenient and reasonably accurate, especially

for low values of ¢' and moderate losses ; even for low loss material
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it still gives reasonable data although it does not give direct readings

of € and €''. It is known that €'' is related to the change in Q
between the unloaded cavity and the cavity loaded with the sample. In
practice due to low loss sample (MgO) this change was small and great
care is needed to make a reliable determination of this change. In this
method the effect of variation of room temperature has been also investi-
gated ; data obtained at different times and élightly different tempera-
tures were compared and gave 0.5% error in €' and 1% in the conductivity
for a change of temperature of between~3—5o Cf

In all the techniques the 3% uncertainty in the results may be
caused mostly by errors in the sample thickness measurements and by the
non-uniformity of the sample thickness or the surface of the electrodes.
It is concluded that more precision is required in measuring the thick-
ness of the samples and controlling their geometry.

It was felt that the results obtained using the bridge and
Q-meter are more accurate than those obtained using the slotted-line
technique ; and more reliable results could be obtained only up to 4 MHz
in the latter method. Unquéstionably, the most precise results were
obtained at microwave frequencies where the 0.6% error was caused by
Klystron-frequency and cavity dimension fluctuations (due to ambient
temperature). This method has been proved to be accurate and convenient
at 9.3 GHz and could in principle fairly be extended to longer wavelengths
(e.g. 3 GHz), where the cavity dimensions are increased, to give an over-
lap with the slotted-line.

The error in the measurement of dielectric constant with the
bridge method was estimated as + 3% and for conductivity + 4%. Edge
effect corrections were about 8% in the ¢' and 10% in the conductivity.
In the Q;meter mgthod error in e' was increased to + 5% for dielectric

constant and + 17% for conductivity. The edge effect correction has
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the same value as in the bridge method. The accuracy of the present
slotted-line technique is + 12% for the dielectric constant and + 45%
for conductivity. The errors in the cavity resonator method were esti-
mated at about 1 to 2% on the dielectric constant but higher (v 5%)

in the conductivity. As Bussey (128) pointed out for those materials
which have €' = 2 to 10 the error in the cavity method is increased by
increasing the frequency.

It may be concluded that the éomparison has been worthwile,
especially because it gives a good indication'of the actual limits of
aécuracy of each technique and of the respective suitabilities of the
methods for the study of materials with particular characteristicé.

6.2 COMPARISON WITH JONSCHER'S THEORY

The complex dielectric constant behéviour of pure magnesium
oxide and MgO doped with iron or chromium have been investigated over
a very wide range of frequencies at room temperature. Consideration of‘
the effect of frequency on the magnitude of conductivity and of dielectric
-constant was the original object of this work. Therefore, the frequency
dependence of oaém) has been investigated and tﬁe,conductivity versus
frequency variation was plotted in Fig.6.l1, for pure MgO. This illustrates
the combination of the individual sets of results obtained in the diffef-
ent rangss of frequency. As can be seen, the data obtained from the
bridgé and Q-meter lie on a good straight line Which, when extrapolated,
includes the microwave results ; its slope was measured as 0.984 1_0.02;
i.e. the linear frequency dependence of oaéw) was observed in thg whole
frequency region (f £ 9.3 x lO9 Hz) . This variation agrees with the

Jonscher "Universal Law"
. (w) o W : (6.1)

with n = 0.984 + 0.02. Data from slotted-line shows that the apparent
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conductivity observed was a factor of two times higher than the
conductivity obtained from the other regions. This is due to a
systematic error and its origin was explained in Chapter 5.

The effect of doping impurities (espécially iron) has been
fﬁlly examined. A dependence following o é w? with the same magni-
tude of n was also observed in magnesium oxide doped with different
concentrations of Fe ; this data is also given in Fig.6.l. It can be
compared with the result of pure MgO and hence it is concluded that the
iron dopant considerably increases the conductivify of the sample. The
reason for this effect was discussed in Chapter 4 where it was suggested
that the iron impurities play an important rolé in the conduction mechan-
ism in that their introduction into the sample produces extra vacancies
which contribute to the conduction by providing additional hopping sites.

Since thebslope:of the line is the same for all samples it can
thérefore be concluded that over all the frequency range conduction is
basically due to the same type‘of‘mechanism.

In order to see the effect of chromium in the conductivity, its
variation with frequency was plotted in Fig. 6.2. It showed similar
characteristics tp Fe/MgO. Comparison betwéen two samples doped with
differentwimpurities but to almostlthe same doping leyel'can be made’
by noting the conductivity of Mgo + 4,306 ppm Fe in Fig.6.2. The
variation for both samples parallel to each other but at any particular
frequency the conductivity of the Fe doped sample is higher than the
Cr doped specimen.

In Fig.6.3 the data of dielectric constant ¢' was plotted for
pure MgO, a highly doped Fe/MgO sample and a Cr/MgO sample over the
whole frequency range of 500 Hz-9.3 GHz. The data lies on parallel
stfaight lines and fits the "Universal Law"

e' () « M | (6.2)
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with n = 0.985 + 0.02 supporting the idea that the same hopping
mechanism applies over the whole range of frequéncies. Comparison
of the variation of €' with frequency for the heavily doped Fe/MgO
shows that at all frequencies its dielectric constant is lower than
that of the pure MgO ; the values for the Cr/Mg0 specimen were in
distinguishable from those of the pure Mgo.

TheAvariation of loss factor, €'' of pure MgO and heavily doped
Fe/Mg0O were plotted in Fig.6.4 (a) and both exhibit similar character-‘
istics. The microwave data also lies on the extrapolated low frequency.
The slotted line results have a considerable error and are displaced
(as already noted) from the extrapolation ; however, they still keep »
the same relative‘differences as they have at low frequency.  The -
variations are linear with slope 0.985 and agree very well with the

"Universal Law"

et (@ o« o N (6.3)

Further comparison of Cr and Fe doped samples is giVen by-their
loss factor behavibur, plotted in Fig.6.4 (b), which shows characteristics
similar to their conductivity plots.

Finally, the loss tangent for pure MgO was plotted in Fig.6.5
and it also showed linear changes over all the frequency range.

The important information to be obtained from Fig.6.4(a) and
Fig. 6.4(b) is the dependence of the dielectric loss on the coﬁposition
of the samples ; it is clear that the dependence is much stronger in Fe
series than in the Cr.

The real and imaginary parts of complex aielectric constént are

related to each other through the Kramers-Kronig relations,
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This ratio has been calculated from the experimental data at a number
of points in the frequency range from 500 Hz to 9.3 GHz and some data
for two samples is tabulated at particular frequencies in Table 6.2.
According to Jonscher and Deori (67), this ratio is smaller than uhity
for n >0.5 and becomes larger than unity for n< 0.5.

In derivipg ratio values the directly measured microwave
estimate was used for €, - For both specimens the ratio is about 0.07
and is constant up to 1 MHz ; inserting the value of n as n = 0.98 gives
cot {2%-} = 0.03. Thus, there appears to be fair agreement with
equation 6.4 (up to 1 MHz) and further,the ratio is smaller than unity
as expected;

At high frequencies (500 MHz and 1 GHz) the ratio values are
much larger than cot {%ﬂ} ; this may be due to the growing invalidity
of taking the microwave value for €, at frequencies approaching a few
GHz and it is probable that the limiting (optical) wvalue for e, should
be used instead.

All the evidence is conéistent with the suggestion‘thAt the
charge carriers involved in the conduction mechanism move by single
hops, the carrier being either electrons or holes. However, in this
work no attempts have been made to determine the nature of charge
carriers. Regarding previous work on the nature of charge carriers
(Chaptef 1, Section 1.2, and Table 1.2) the distinction between ionic
and electronic carriers is still not defined and there is conflicting
evidence among those who work on this materiél.

The observed frequency dependence of conductivity cah be best
described by a thermaily activated hopping modél. The relative increase
of the a.c. conductivity suggests that localized states, generated by
impurities or structural defects, may contribute to the conduction

mechanism ; carriers hop between localized states randomly distributed



UOT3IRIaY DbTUOIN-SIoweIy

JO uUoT3eIISNTII : 2°9 TI9VYL

SO0T°0}f 901°0 990°0 99070} L90°0 L9900 LO°O 79070} ¥90°0 y90C°0 o4 wdd 008‘ZT + OBW
819°0 | 819°0 LLO°O LLO"0{280°0 LLO"O $90°0 G90°0} LO°O LO*O (@and) OBW
. uoT3 tsodwo)
ZHD ZHA ZHIW 20y ZHY ZHY ZHY ZHY ZHY ZH
. TRUTWON
T 00g T 00s 00¢ 001 o1 q T 00g Kousnbaxg
T3 -~ (m),3

A3v- -w




- 112 -

throughout the crystal.

According to the predictions of the pair model the conductivity
in the low-frequency region is given by Eqn. 6.1 and hopping occurs
exclusively between pairs of impurities. Pollak and.Geballe {53) have
shown that if hopping takes place between a random distribution of
localized states then o(w) « o where 0.5 < n < 1 the lower value of n
occurs for multiple hops while the higher value occurs for single hops.

According to Pollak (129) single hops predominate at low tempera-
ture while at higher temperatures multiple hops occur frequently. This
frequency dependence of conductivity becomes weaker at higher tempera-
tures (129) and this will be discussed in the next Chapter.

All the predictions of vthe theory for randomly distributed hop-
ping states are satisfied for MgO and doped Mg0O at room temperature.

It has been suggested (2,15,20) thac iron increases the cond—
uctivity of Mgo. Ions of Fe3+ in the MgO lattice increase the electron
and singly ionized Mg vacancy concentrations, and at the same time
decrease the hole.concentration. The level of vacancy concentration and
hence the conductivity appears to be dominated by variable vélence iron
impurities ( 11).

It is ccncluded from the present discussion that the entire
interpretation of the interesting and varied dielectric response of pure
and doped MgO can be placed within the framework of the "Universal Law"

of dielectric response.
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CHAPTER 7

HIGH TEMPERATURE RESULTS IN THE LOW FREQUENCY RANGE

7.1 RESULTS

The determination of the real and imaginary components of complex

dielectric constant, €' and e'' and the conducﬁivity Gac(w) at high

o] . .
temperatures from room temperature to 700  C was carried out, as previously

using the capacitance and conductance of each sample.

7.1.1 Conductivity-Temperature Characteristics

The variation of a.c. conductivity, cac(w) with temperature
were plotted (Logloo Y T—l) in Fig.7.1 at diffgrent frequencies for
heavily iron-doped magnesium oxide. Similar:characteristic plots were
obtained for pure‘MgO and MgO doped with iron and chromium impurities.
It can be seen first that in the lower‘temperature region ( < 550° C)
the conductivity is strongly frequency dependent, while at higher
temperatures ( > 550° C) it has the same magnitude at all freqﬁencies.
Secondly, there are three different regions which can be distinguished
by the bends in the characteristic outside of which the experimental
points follow straight lines. The first region starts from room temp-
erature and extends to about lOOOC. The second begins about lOO0 Cc
and continues to 550O C and finally the third is from 550O C to 7000 C.
At a constant frequency the slope of the experimental line is different
in each region indicating that the conduction mechanism is changing its
nature. The activation energies for three regions (derived from the
slopes of the lines) were 0.08 eV, 0.29 eV and 1.90 eV, respectively.
At any particular temperature below 7OOOvC the magnitude 6f the conduct-
ivity is almost directly proportional to the appliéd frequency ; this

. O
proportionality vanishes above 700 C and Gac(w) becomes frequency
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independent.

In Fig. 7.2 the Logloo versus T—l plots ére shown for pure Mgo
and MgO doped with iron or chromium with different concentrations at a
constant frequency ( 1 kHz). The three regions mentioned above appear
for ali the samples at almost the same temperature and the individual
characteristics are very similar. Aan important result of this is that,
‘at any temperature the magnitude of oac(w) is diregtly proportidnal

the concentration of the dopant impurities'. Also, the ratio of

o :
_Fe/Mg0 is the same in each region. Heavily Fe-doped magnesium

0pure/MgO

oxide has the highest value of conductivity and the data for medium
doping levels lies between that of pure and heavily-doped MgOo.

. Comparison of those samples dopéd to the same level but with -
different dopant ions (e.g. MgO + 4,300 ppm Fe and Mgo + 3,600 ppm Cr)
showed that althogh the characteristics were similar the magnitude of
conductivity for Cr-doped MgO is lower than for Fe—doped at temperatures

o v
below 550 (.

7.1.2 Conductivity-Frequency Characteristics

The variation of a.c. conductivity, oac(w), with frequency at
differént temperatures for pure MgO is illustrated in'Fig.7.3. Below
about 550°C all the data lies on a family of almost straight lines

whose slopes gradually decrease with increasing temperature. The change

in the slopes was from n = 0.85 to n = 0.84 in the first region (room-

temperature - lSOOC) and from n = 0.84 to n = 0.69 in the second range
(lSOOC-SSOOC). At the highest temperature there éppear to be departures
from linearity which become progressively more pronounced as the tempera-
ture increases. Thus at 7OOOC for example Oac(w) appears to be almost
éonstant over the frequency range 500 Hz to 10 kHz after which

0] c(w) « wn with an n value of 0.5.
a
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The variation of Uac(w) versus frequency for MgO doped with
4,300 ppm Fe, 12,800 ppm Fe and 3,600 ppm Cr at different‘temperatures
are given in Figs.7.4, 7.5 and 7.6, respectively. They showed similar
characteristics to pure Mg0O (Fig.7.3) except that there is no evidence
for flat regions in the higher temperature data. Comparing plots of
Figs.7.3 and 7.5 shows that the magnitude of the conductivity was
considerably increased in the heavily Fe-doped MgO crystal. This
effect has already been pointed out at room temperature but is now also
found to be true at high temperatures. At cofresponding temperatures
all the plots relating to the medium concentrxation (4,300 ppm Fe) lie
between these extremes. Comparison of Figs.7.4'and 7.6 also shows in
cohclusion that the effect of Fe ions in increasing cac(m) is larger
than of Cr and is still valid at high temperatures.

In order to clarify the effect of the differeqt impurity levels

o3
on the conductivity of MgO, the ratio of EESZEQQ— for different con-
pure/Mg0

centrations of Fe was calculated from Figs. 7.3~7.6 at different tempera-

tures for various frequencies. These ratios are tabulated in Table 7.1
. . , 0Cr/MgO
which also includes the ratios of P for the Cr-~doped samples
pure/Mgo

7.1.3 Dielectric Constant (g') Frequency Characteristics

The effect of temperature on the magnitude of €' for pure Mgo
is shown in Fig.7.7. fThe individual plots were linear but their slopes-
increase as the temperature increases.

The corresponding data for MgO doped with 12,800 ppm Fe has
been plotted in Fig.7.8. It showed similar characteristics to pure MgQ
and the data is in good agreement with the relation e'(w) « w(n-l)
with.Cr/MgO (Fig.7.9) the same general pattern was found but here, ét any
frequency, the dielectric constant is lower than the corresponding value

in Fe/MgO.
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Fig.7.10 shows the behaviour of‘dielectric consfant, e ,‘as
a function of temperature at 1 kHz frequency for pure Mg0 and iron~doped
MgO samples. The plots of dielectric constant for pure MgO increase
linearly up to about 2500C and then continue to increase very much more
rapidly. The data for medium iron doped sample also showed the same
characteristic. The magnitude of ¢' for doped samples at some tempera-
tures is less and at some higher temperature range is higher than the

is

. € )
magnitude of €' for pure Mgo. The ratio of 'pure/MgO

€ Fe (4300 ppm) /Mgo

getting near to 1 as the temperature increases to 7OOOC and finally it

o
approaches unity at about SOOOC while in the temperature range SOOOC-700 C
the magnitude of &' related to Mgo + 4,300 ppm Fe sample is greater than

for pure MgO. This effect has been observed for heavily Fe-doped

€l
(12,800 ppm Fe) sample while the ratio of €|pure/MgO reaches
Fe (12,800 ppm) /Mgo

unity at about ZSOOC. It can be concluded that the dopant impurity has
a great effect on the dielectric constant of MgO crystal especially at
higher temperatures.

The variation of dielectrié constant of pure MgO with temperature
has been illustrated in Fig.7.1ll over the frequency range of measurements.
All the data lies on a family of straight lines.

7.2 DISCUSSION

The changes in magnitude of dielectric constant, A €', with

temperature . (at any frequency) have been compared with Havinga's proposal,

which was fully explained in Section 2.5. The values of the expression

1 oe'

(e'= 1) (e¢' + 2) oT

= A+4+B+C¢C (7.1)

P

were deduced at different frequencies for pure MgO from Fig.7.l11 and then
tabulated in Table 7.2. For comparison some workers reported temperature

dependences for pure MgO and are given in Table 7.3. 1In the temperature
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range 16°%¢ - 200° C the present values agree at all frequencies with
the value obtained by others (43) and are rather higher than that which
has been given in (42). Examination at higher temperatures showed that
the value of (A + B + C) increased and conéequent}y did not agree with
the previously reported data. Comparison of values (A + B + C) obtained
in the room temperature to 300°¢ range (Table,7;2) here with the data
given in literature reference (130) shows that the values are about 20%
lower, while at higher temperatures (room temperature- 400°C) the high
frequency data (10 kHz and 20 kHz) agrees fairly well.

The temperature dependence of e¢' for Fe or Cr-doped MgO at
different frequencies is given in Table 7.4. The values of (A + B + C)
were deduced from experimental data and it was found that they are depend-
ent on the concentration of dopant impurities ; this effect is most
marked in Fe-doped samples. All saﬁples behave similarly and the values
of (A +B + C) are positive hernce supporting the Bosman and Havinga (43)
proposal ; there is a slight reduction in (A + B +>C) as the frequency
increases. The values of (A + B + C) for Cr—dopéd samples seem to be
independent of the Cr concentration and they agree with the literature
(42-43) for‘pure MgO as shown in Table 7.3.

The Havinga formula for (A + B + C) is not specifically based

on the assumption of hopping conduction and it is therefore of interest

to see how the same experimental data fits the predictions of the
Jonscher theory. In this comparison the first difficulty arises because
there apbears to be no specific formula quoted in the literature for the
temperature dependence of n. The general prediction is that n should
fall as the temperature increases but, at present, the theory is not
available to estimate the magnitudes of change to be expected.

Here these magnitudes have been obtained from experimental

Observations in two ways viz : from £'-w measurements and from Oac”w
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characteristics both kinds of data being obtained at temperatures from
16°C to about 700°C.

It has been found from Figs. 7.7 - 7.9 that the slope of the
variation of €' with frequency increases slightly with increasing
temperature, i.é. n is getting lower in the relation e' (w) « wn_l.

In order to see the effect of temperature on the magnitude of the
exponent n more easily these values for different samples have been
tabulated in Table 7.5 at various frequencies. From this Table, it is
concluded that : firstly, at any constant temperature, the magnitude
of exponent (n) is almost the same for all the samples ; secondly, n
decreases as the temperature increases i thirdly that the decrease in
n for a given temperature rise is somewhat greater for higher doping
concentrations. Overall, this data thus suggesté that n is weakly
temperature dependent, its mégnitude decreasing onlf by about 5% for
a 6OOOC rise in temperature.

A conflicting estimate is obtained from the conductivity data.
The values of n have been also deduced from Figs. 7.3 - 7.6 for pure
and doped MgO samples at the various temperatures and these are tabulated
in Table 7.6. Excluding the high concentration Fe/MgO specimen, it is
again found that the n value at any constant temperature'is nearly the
same. As the temperature increases the magnitude of n decreases for each
sample but this table indicates that n is strongly temperature dependent ;
chaging by about 30% for a 6OOOC temperature rise and showing some tendency
for even more rapid variation above 6OOOC. The reasons for this dis-
crepancy are not clear ; in so far as the Jonscher theory is applicable
one would expect both methods of derivation to yield the same result
(the precision room temperature bridge data given in Chapter 4 do agree .
with this condition). The most likely explanation seems to be that,

as Fig.7.1 indicates, the three conduction regimes imply the onset, at
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successively higher temperatures, of different tYpes of contribution
o conduction ; such additional contributions might invalidate the
direct applicable of the "Universal Law" equations to high temperature
conductivity—frequency plots. vathis is so the €'-f variations may be

more reliable.



130.

- 121 -

REFERENCES

Krishnan, R.S, Progress in Crystal Physics (Central Art Press,

Chetput Madras ; India), Vol.l, pp 193 (1958).



- 122 -

CHAPTER 8

SUMMARY AND FUTURE WORK

The relevant conclusions on each part of the project have been
made at the end of the appropriate Chapters.

Consideration of the work as a whole leads to several summary
conclusions which are given in tﬁis chapter. The main points concern the
suitability of techniques for dielectric measuremepts on low loss materials.
detailed interpretation of some of the effects of doping, and suggestions
for future work.

As regards techniques, the main area where uncertainties remain
is in the accuracy of measurement in the slotted line method. This method
has so many potential advantages - not least in the wide frequency coverage,
that its use would be very desirablé. Adequate accuracy could probably
be obtained using the existing coaxial arrangement if the VSWR maximum
were recorded by the present manner but the minimum (where magnitudes
are more sensitive to small changes in €' and ¢'') were measured witﬁ
an electrometer sensitive to at least lOn12 A ; this would give a possible
improvement but would need very careful experimentation. A more fruitful .
approach seems to be to undertake a rigorous analysis of the equivalent
circuit, attempting to add known amounts of'capacitancé‘so as to reduce
the effective VSWR to be measured to smaller values ; this reduction is
amenable to theoretical and experimental testing and offers the best
long term solution. An independent requirement arising from the ex~—
tension of the range of measurements to r.f. and microwave frequencies
is the need for accurate values of €, ¢ here optical methods could

be used and although reference tables give some data for nominally

pure materials there is little information on the effects of impurities.
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Turning next to the experimental data the most reliable, and
possibly most important of this relates to the room temperature measure-
ments and the effects of doping. It was shown that the addition of
either Fe or Cr increased the conductivity above that of pure Mgo ;
to explain this result it was postulated that, as both ions are trivalent,
their introduction into the lattice would give rise to extra vacancies
which in turn would increase the number of hopping sites and hence
lead to the observed increase in conductivity ( without requiring change
in the type of charge carrier, taken to be electrons). On thié basis only,
one would expect an increase in conductivity (for trivalent ions) to be
independent of the nature of thevparticular ion and further, that doping
with divalent ions should produce no change. Both of these predictions
are opeﬁ to experimental testing, fo; example with Ni/Mg0 and Co/MgO
both of which cah be obtained in single crystal form. There is of course
no specific restriction on the lattice and calciﬁm oxide ; Ca0, might
form‘a useful alternative host which can be doped with a variety of ions.
Work along these lines is desirable in order to widen the basis for
discussion of the following point of‘interesf._

Comparison of the data for Fe/Mg0 and Cr/Mgo, doped at similar
levels, shows that the conductivity is increased substantially more in the
case of Fe than Cr. This is not expected on the model outlined above
which must therefore be regarded as incomplete. It is interesting to
note that in hopping theory two factors are important, the number of
hopping sites (considered in the above model) and the hopping_frequency.
An increase in the latter would also lead to an extra contribution to the
conductivity and several authors have tended to equate the hopping
frequency to the frequency of exchange interaction between the impurity

centres involved (36). Following these ideas one is lead to examine the

B
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possibility of exchange interaction between the Fe3+ and Cr3+ respectively
in the Fe/MgO and Cr/MgO crystals since the exchange energy, expressed

as frequency, might therefore be taken as equivalent to the hopping
frequency. Here data from completely different types of expériment,
i.e. magnetic measurements, is required and some results obtained from
electron spin resonance studies may be quoted; In summary, these have
shown that in both Fe/Mg0 and Cr/Mg0 (131) exchange narrowing of the
Fe3+ and Cr3+ esr lines is pronounced (at the lével of concentration used
in the dielectric measurements), and that the exchange energy J is, in
both cases, proportional to the concentration. The relevant results

are shown in Fig.8.1 which also gives the quantitative‘values of J. 1t
is noticeable that, at equivalent concentrations, JFe > JCr and that

there seems to be some correlation with the conductivity data in two

respects

(a) for a particular ion both J and o increase with concentra-
tion.

(b) at a given concgntration JFe > JCr in accordance with the
observation that GFe > GCr'

These preliminary observations suggest that a contribution to
qonductivity arising from exchange may be a feature of some doped
materials and the trends seem to be sufficiently established to wariant

much closer examination.

131. Thorp, J.S. and Hossain, M.D, 'Exchange Energies of Iron Group .
Ions. in Single Crystal MgO', Journal of Materials Science,

(to be published).
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APPENDICES
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APPENDIX A DERIVATIONS OF €' AND ¢'!

In the derivation, the specimen is assumed to be an impedance,
which terminates the end of a coaxial line as shown in Fig.3.5. This
assumption is not absolutely correct because of small fringing effects

which are, however, ignored. 1In this case the impedance can be written

as :

Z = - o (AP.1)

where C, is complex, because the dielectric constant of the sample is

complex. It is assumed that there is no series resistance with this

capacitance.
A .
Now, C = eoe* 3 and e* = ¢' -~ j ¢'' which finally gives,
. jd
Z = R~3jX = = J (AP.2)
‘ we e* A
o
or - = - id (aP.3)
we A(e'-j ¢'") :
o
and
(I ) ]
R_jx = €2d 2 - j £ C21 2 (AP.4)
we A(e'"+e''") we A(e' +e'')
o) o
where eo' = permittivity of free space = 8.854 x lO~12 (F m_l)
€' = real component of the complex permittivity (dielectric
constant)
€'' = imaginary component of the complex permittivity
(loss factor)
= area of inner conductor which contacts the sample (m2)
d = thickness of the sample (m)
w = angular frequency (rad s—l)
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Equating real and imaginary parts of Eqn. (AP.4) leads to

e'' 4

R(e',e'"') = 5 5 (AP.5)
we A(e'"4e''")
fo}
[ ]
X(e',e'') = £ ‘23 5 (AP.6)
we Ale'” +e''T)
o
from which €' and €'’ can be determined, i.e.
. - xg : (AP.7)
we A(R™ + X7)
o
e'! = Rd (AP.8)

2
we A(R + X2)
(0]

From transmission line theory, the reflection coefficient of
the line which is terminated with an arbitrary impedance ZL' at the plane

of the ZL' is given by

je Z ~ |
o] e = —— (AP.9)

where ZO = characteristic impedance of the line (ohms)
|p| = magnitude of the reflection coefficient
© = phase angle of the reflection coefficient
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The Egqn. (AP.9) may also be written in an expanded form as;

R-Z + jX /
[p] (cos® + jsin®) = 2 (AP10)
R+Z + jX
o}
from which
R2—Z + X2
lp! cos® = ° 5 5 (AP.11)
(R+2)° +X
o
2 Z, X
|p| sin® = (AP.12)

(R + 2 )2 + X2
o

After some manipulation the resistance, R and reactance, X can be found,
i.e.
2
Zo(l - Ipl )
R = (AP.13)
2 .
1+ lpl - 2lp| cos0

2lp| ZO sin®

X = _ (AP.14)
1+ |p|2— 2|pl cos0

Substituting Eqns. (AP.13) and (AP.14) in Egqns. (AP.7) and (AP.8) gives
finally the magnitudes of ¢' and ¢'', i.e.
2 lp] sin0®

el = (AP.15)
wCOZO( lpl2 + 2 lp]cos@ + 1)

and

1-o]?

e'! = 5 (AP.16)
wCOZO( lpl + 2 Ip]cos@ + 1)
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APPENDIX B CALIBRATION OF CRYSTAL DETECTOR

In order to measure the characteristic of the crystal detector
two'different methods were used :

1. In the first method the slotted-line was terminated by a short
circuit. The signal oscillator was set to an arbitrary frequency, e.g.
710 MiHz. The carriage (probe) was moved to any maximum position as
indicated on the VSWR meter., then the tuning stﬁb was adjusted to give
maximum output from the crystal detector.

Next, the distance between two minima was determined and hence
the %— (95). The exact positions of the minima were found by using two
identical points on either side of nodes and halving the distance. A
calibfation plof was then obtained by recording the micro-ammeter readings,

at suitable intervals between the nodes. For each point the electric

field strength, E, was calculated (127) using,

E = gin® : (AP.17)
where
6 - 2md
A
and
d = distance of each point from reference plane (cm)

>
i

wavelength of applied frequency (cm)

Variations of E versus rectified current,.I,were then plotted
in Fig. APP.l. As it shows at lower electric field the current increases
exponentially, and then becomes linear at higher electric fields. In
order to determine the exponent of I « En, LOglOE versus LoglOI, was
plotted in Fig.APP.2. The slope measured represented the crystal law

and it was found that n = 2.3,i.e. an approximately square-law
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characteristic.

2. In the second method the carriage and probe were placed in one
position on the slotted-line which gave suitable reading and the input
level was varied. The changes in the input level were plotted against
the measured current as shown iﬁ Fig.APP.3. It was found that the
plot was similar to the one in Fig.APP.l with a slightly different slope
as shown in Fig.APP.4, i.e. n = 1.94. This has proved the square-law

behaviour of the crystal.
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APPENDIX C PERTURBATION THEORY

In an empty cavity the electric and magnetic fields are given

by :

el
I
=
v}

(aP.18)

T
i
jusd
0]

where Eo and ﬁo are function of positions. After introducing a small
dielectric sample into the cavity, the fields and the resonant frequency

are modified, thus
= = = ej(w+6w)t

(AP.19)

ej(w+6w)t

The Eqns. AP.18 and AP.19 are now substituted into the Maxwell's equations

curl E = - —a'{:' . (AP. 20)
which yields
9B
1E = - =— = = jwﬁ
cur o ot o
- and curl (Eo + El) = - jlw+ Sw) (Bo + Bl)

subtraéting we get

curl ﬁl = -3 ) wB., + 5w(§o + B,) (AP.21)
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similarly from

- aD
curl H = T 4 (ap.22)
we get
curl Hl = le + dw(DO + Dl) (AP.23)

Assuming that - Gwﬁl and 'Swﬁl are very small, using BEgns. AP.18,AaP.21

and AP.23, it is obtained finally,

H.B) + (E .D, - H .B.) (AP.24)

D, =¢ e (E +E,) -E (AP.25)

div (H xE ) +(E xH)} = E..curl H - H .curl E. +
o o) 1

Hl.curl EO - EO. curl Hl (AP.26)

which, by virtue of Eqns. AP.20 and AP.22, may be written

H . E +E . H = jw (E..D-H .B) -
o curl El o curl Hl Ju)(El DO Hl BO)

div (Hox El) + (EO X Hl) (AP.27)
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Substituting Eqgns. AP.27 into the left-hand side of Eqn. AP.24 gives,

ju;(El.Do— H1°Bo) - div (Ho X El) +'(Eo X Hj) =

jo (E_.D. - H .B.) + j E.D-H .B) + (E.D -f .B .

Jw (EO Dl HO Bl) JSw (EO DO ° Bo) (EO Dl Ho Bl) (aP.28)
Let vo be the volume of the cavity and'vs the volume of the

sample, then (vo—vs) is the part of the cavity not occupied by the sample.

Integrating Eqn. AP.28 over the volume A gives,

N
ju | (El.Do - Hl.Bo) dv - div (Ho b El) + (E0 X Hl) dv
v v
o o
-
= jw u (E .Dl - H .Bl) dv + jéow E%'Do ~ HO.BO)
Yo Yo

where so is the surface of the cavity and n is the uni# vectoxr normal to
the element ds of surface S,e The cavity walls may be regarded as
perfectly conducting, therefore ﬁo X El and Eo x ﬁl are tangential to
the walls and their scalar product with n is zero. Thus the divergence

integral vanishes. Since 6w is much smaller than w, we can neglect Bl
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and ﬁl in the second integral on the right-hand side of Eqn. AP.29, i.e.

jw (El'Do - HO.BO) dv = Juw J (EO.Dl - Ho.Bl) dv  +
v v
s s
Jduw (EO.Do - Ho'Bo) dv (ap.30)
v

]

D. and ﬁl are small compared with Bo and éo' and therefore, from

1
Egn. AP.30
J\ (E1°Do - E .Dl)-(Hl.Bo-Ho.Bl) dv
S s 3
— = (AP.31)
J (EO.D —HO.BO) dy
v
o
On substitution of
Do = eoEo, Dl = erEl R Bo = udﬂo and
Bl = urHl in egn. AP.3l we get,
(u-uo) _[ HoHl av - (e—eo) f EoEl dv
Sw Vs Vg
o - (AP. 32)
2
2 €, |Eo| dv
v
o

2
Since in the denominator of Eqn. AP.31 Ho.ﬁ =~ |u | the change of
o o

sign will occur. Also the maximum energies stored in the cavity in
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the electric field and magnetic field are always equal, i.e.

2
sl E | dv = 'uIH |2 dv
o o
v ’ v
o o
and since u = uo(sample is assumed non magnetic) and ¢ = €€, we
obtain :
N
J EoEl dv
(Sw = VS
w = " (e = 3 (AP.33)
|E I dav
v
o)

It is assumed that the field around the sample is uniform and then El

is found from the knowledge of the sample geometry and Eo' The magnitude
of El in the sample as Sucher and Fox_(lOO) point out in detail, depends
on the shape of the sample. For the sample in the shape of a rod, located
in the centre of the cavity where the electric field is maximum and
parallel to the surface of the sample |Ell = ‘|§0| (98,100,104,132-133)
and the electric field is continuous over the boundary.

Eqn. AP.33 is used for the calculation of é%-. The complex

angular o associated with a dissipative system can be written as
w = w +3j w, (AP. 34)

where w is the real and w, is the imaginary part of complex angular

frequency. And w, << W,
Considering the expression

Swo_ 172 | | (AP . 35)
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where wl is the unloaded angular resonant frequency and w, is the

2

resonant frequency of loaded cavity. Both ml and w2 are complex. We

assume that the change of resonant frequency of cavity, i.e. ml-w2 is
small, therefore, real parts of wl and w, are almost équal, W = W ooe
Expanding Egn.AP.35and considering all approximations, we get
el sy
gf' - rl 2 il "i2 (AP. 36)
+ 5
r1 T g
_ {wrl_wr2}+ 3{“11'“12}
Lul l+j—-——ll
d rl
- + -
) {wrl wrZ} J{wil “iz} 1-3 “i1 (aP.37)
w
2
2 Y53 rl
rl -3 2
rl
2
“i1
Since % —_ <<l it can be neglected from denominator of Eqn. AP.37
w
rl
therefore
Sw {wrl-wr2} * 3{ “11"w12§ C Y (aP. 38)
o - ==
w w
rl ‘ rl
Separating real and imaginary parts yield,
W= Y w, W, w .
Sw rl "r2 . il . 7i2 R & §
— = T+ n - T 1-j — (AP. 39)
w w
W,y rl rl ‘ rl
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Sucher and Fox (100) have represented the amount of QL'

Q = e ' (AP.40)

£,-£ '
R R 2Ql 1-3 2Q1 (AP .41)
v 1 21 L2 Ll
{ 1 - i
@ Since 5 can be neglected compared with unity:
} 1 ’
|
f£f.-f .
1
§—$—. o _—.f—i— +% 51.'._ - al—-. (AP.42)
1 Ll L2
or
Sw A £ j 1 1
R B I el e (ap.43)
’ 1 Ll 1.2

where QLl and QL2 are the loaded and unloaded quality of the cavity. On

substituting of Eqn. AP.43 in Eqn. AP.33, yields,

)
-(e_-1) EE. av
r J ol
Af ] 1 1 Vs
oty 0.0 = " (AP.44)
o Ll L2 _ 2
2 |E ! av
o)
-~
Since €, = €'-j e'' Eqn. AP.44 on integration can be reduced to,
v
Af - . s
; F = =2 (e' - 1) v (AP.45)
o) o)
and
| 1 Vs
=) = LI B |
A(Q) 4 € - (AP.46)
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APPENDIX D , COMPARISON METHOD

In earlier descriptions of the slotted-line technique, we have
talked and discussed in detail about the uncertainties in measuring €'
and €” of a solid material. All possible errors thch might occur were
explained in section 5,1.4, and suggestions werevmade in order to get
more accurate results and avoid the above mentioned errors.

The major difficulty was méasuring high VSWR and consequently
Ipl - Other difficulties can be overcome by modifications on the slotted
line or using more accurate and sophisticated instruments. The problem
of measuring high VSWR still remained and therefore, attempts have been
made to reduce its magnitude. This was done using a different method
which may be called "Comparison Method".

In this technique ideally the transmission-line (slotted-line)
is assumed to be terminated with a resistor éqﬁal to the characteristic
impedanée of the line, ZO, and a crystal whose diélectric properties are
going to be determined is mounted in a sample holder. The equivalent
circuit may be represented with a.resistance Zo and a capacitance in’

series as in Fig.APP.5. The total impedance of the sample, ZS associated

" with Zo can be written as

ZS = ZO + J XS (AP.47)
where XS is the reactance component of crystal equal to - Eia
s
then, .
2. = 2 - = |
s o Csw (AP.48)

Substituting capacitance of the sample, Cs = eo(e'-j g') %- in Egn.AP.48
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results in

i .d .
z = z - J (AP. 49)
S © € (e'—je")é-w
) a
- g jd(e'+je'’)
o
€ Aw(e'2+ef'2)
o
where
d = thickness of the specimen (cm)
A = area of inner conductor (cm2)
w = angular frequency (rad s—l)

Separating real and imaginary terms on the left-hand side in Egn. AP.(49)
gives
e''d jE'd

Z = 2 + - (AP.50)
s © eko(e‘2+s"2) ,eko(e'2+e"2)

It can be seen that the Xs contains two terms ; first resistive term
which involves €'' (loss factor) and second, capacitance term which
involyes e'.

Now, removing crystal the equivalent circuit is as in Fig.APP.6

The total impedance of the air gap and ZO can be given as

Z = Z + jX (aP.51)

1 . ; .
with xa =~ e reactance of air gap. Putting capacitance value of

the air gap, Ca'
c = e % (AP.52)

a o

and Egn. AP.51 results in

_ S
Za = 2 £ wA
‘ o

(AP.53)
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FIG.APR5  EQUIVALENT CIRCUIT OF
TERMINATION AND SAMPLE.

N
-
N

FIG.APP6  EQUIVALENT CIRCUIT OF

TERMINATION AND AR GAP.
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As ekpected Za hés resistive componeﬁt (Zo) and reactive componenfl
due to air gap which has no resistive component, i.e. there is no energy
loss in the air gap.

In general the reflection coefficient, |p| of any arbitrary

impedance, ZL, terminating the transmission-line is given by,

. z_-Z
7o _ L o
lo| e = R (AP.54)
L o
where, Ipl is the magnitude of reflection coefficient and @ is equal

to its phase angle. Therefore the reflection coefficient for an air gap

is given by,

lo] 392 = —234 (aP. 55)
a 27 we A - 3jd
o o]

and similarly the reflection coefficient for a crystal is given by,

i0 .
Vg e''=9e")43
|ps| e = ( 5 J 2) (AP.56)
22 € Aw(e' +€''") + (e''-je")d
o o
The Egns. AP.55 and AP.56 can be simplified as follows :
30, -
IpaI ¢ = 27 we A (AP.57)
o o .
-3
v da
and
30
logl e ° = - (ap.58)
s ZZows A :

3 (e''+je")+1
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Zow EOA
assuming 3 = a they become
.9 .
o, & % b 5
» a 2a~7j (AP.59)
and
je
lo | e °= s (AP . 60)

2a(e''+je') + 1
dividing AP.59 by AP.60 gives,

lpa| 1(6,-0) (2ae''+1) + j 2ae’

e (-3) (AP.61)
|psl 2a - j
or .
lo | 3(0.-0) [(2ae"+1)2+(2ae')2]'
a a s _ : . tan-l 2ag’ T +t—l __:_l._
I | € B 2 5 e J 2ag''+1 7 Tean 52
fs [(2a) + 1]
{AP.62)
o, -
From Egn.AP.62 we deduce and (Oa—Os) as,
o, |
2
2
Ipal (2a e '+1) 2+ (2a )
= (aP.63)
o] (2a)2 + 1
and
- 1 -
© -0 = tan 1 _ZEE______ I+ tan 11 (AP.64)
a s 2a

2ag''+1



- 142 ~

Solving these two equations in terms of (a) and constants, the

magnitudes of e' and e''are found, i.e.

o, 4 - ]
a (4a2+l) tan(® -0 + = - tan 1'4L)
Ips| a s 2 2a
el = = (AP.65)
2 )%
ks -1 1
2a{l + | tan (Oa—OS+ 5 = tan EE?
and | |
p 5
ﬁ (4a® + 1)
; _— s ' L
_ € 55 (AP.66)
| 21y
! 2a {1+ | tan(0 -0 + X - tan~t L )
: a s 2 2a
Having knowledge of Ipa], lpsl and (Oa—Os) from measurements,

the magnitudes of &' and e€'' can be determined.
In practice the slotted-line is terminated with a characteristic
impedance Zo( 508) and this is used as the reference. Then an insertion

unit (e.g. Type 874-X) into which the sample can be introduced connected

between the termination and the slotted-line. The insertion unit can be
épecially designed if needed. ‘Such an insertion unit may have some stray
inductive and capacitive effecﬁs which would change the terminating
characteristic impedance. In order to overcome this, a three stub tuner
can be used to obtain the required match énd hence standing wave ratio
of 1. This requires a great accuracy and its tuning must be precise.

This technique was not used in our pioject although from some
limited tests carried out it appeared to be easy to use because of
lower VSWR's.

This method is especially useful in measuring dielectric prop-
erties of low loss materials.

To develop this method in order to get good results requires

extreme precision in making the insertion unit and using instruments.
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