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ABSTRACT 

A Study of the d i e l e c t r i c properties of pure magnesium oxide 

and MgO doped with iron or chromium i s presented. Measurements were 
2 9 carried out i n the frequency range between 5 x 10 Hz and 9.3 x 10 Hz 

at room temperature using a.c. bridge, Q-meter, slotted-line and cavity 

methods. 

The basic ideas and principles of each technique have been 

discussed i n d i v i d u a l l y i n r e l a t i o n to their s u i t a b i l i t y for d i e l e c t r i c 

measurements 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 possible 

error i n these techniques have been investigated i n d e t a i l and some 

suggestions made to minimize them. A new method for measuring the 

d i e l e c t r i c properties of low loss solids has been examined theoretically 

and some suggestions for i t s p r a c t i c a l deA'elopment pointed out. 

The d i e l e c t r i c data obtained at room temperature has been 

analysed and interpreted i n terms of the hopping theory involved i n 

the "Universal Law" of d i e l e c t r i c response. The frequency variation of 

conductivity, followed a (oj) cc oj" law with n = 0.98 + 0.02 for pure 
ac 

MgO. The d i e l e c t r i c constant, e', loss factor, e'' and loss tangent, 

Tan(5̂  decrease s l i g h t l y over the frequency range. Similar behaviour was 

also observed f o r Fe doped MgO and Cr doped MgO samples. The variation of E ' 

and e"' both agree with the "Universal Law" showing that e'(a)) « 

and e''(a))a w"̂  ̂  ; the magnitude of n obtained^was also 0.98. The data 

of e' and e'' approximately f i t the ICcamers-Kronig relation i.e. 

_ - cot " = constant when 0.5 <n < 1 . 
e' (oj) - e 2 
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Measurements were extended to higher temperatures (up to 700° C) 

using special apparatus which was designed for t h i s purpose. The data 

obtained f i t the Jonscher theory very well ; the exponent n decreases 

with increasing temperature and f a l l s to a value of n = 0.5 at 700° C. 

In the high temperature range the Havinga proposal for the temperature 

dependence of d i e l e c t r i c constant was tested and the change of d i e l e c t r i c 

constant witJi temperature was found to agree well with the relation 

3e' . 
A + B + C :e'-l)(e'+2) ] 8T 

P 
for MgO single c r y s t a l . 

A detailed comparison i s made of the effect of doping MgO with 

the t r i v a l e n t ions Fe'̂  ̂  and Cr"̂ .̂ The addition of either s i g n i f i c a n t l y 

increases the conductivity by an amount proportional to the concentration 

and t h i s effect i s explained i n terms of an increase i n the number of 

hopping sites available. 
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CHAPTER 1 

INTRODUCTION 

1.1 OBJECTIVES 
Magnesium oxide i s of considerable importance as an e l e c t r i c a l 

insulating material and i t s insulating properties have many various 

applications. I t i s widely used as an insulator i n heating elements, 

and as the d i e l e c t r i c i n mineral insulated cables. The study of the 

e l e c t r i c a l conductivity of MgO as a function of the temperature and 

impurity content i s also of considerable interest since t h i s material i s 

widely used i n d i f f e r e n t branches of high temperature technology. I t 

has been fovmd that at high temperatures ( 800° C) the insulating 

behaviour of the MgO collapses ; consequently, i t starts conducting 

and t h i s e f f e c t leads rapidly to the f a i l u r e of the heating element. 

For pure MgO the melting point i s 2852° C and the b o i l i n g point i s 
o 

approximately, 3600 C. 
Magnesia may be obtained i n various forms and the material 

used here was single crystal which appeared to tJie eye to be of high 

quality even at the higher dopant concentrations. The pure single 

crystal i s colourless and transparent while the powder of MgO i s white. 

The addition of impurities causes colouration ; for example chromium 

doped crystals are green and iron doped crystals vary from l i g h t 

yellow-green to dark yellow-green, according to iron concentration. 

In the present studies the d i e l e c t r i c properties, (and hence 

the e l e c t r i c a l conductivity), of nominally pure magnesium oxide together 

with those of magnesium oxide doped with d i f f e r e n t concentrations of iron 

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

range of frequencies from 500 Hz to Wi^ (SI^MpgTt'i^dopants Fe and Cr 
SECTION 



were chosen i n order to see the effec t of Cr^^ and Fe"̂ ^ ions on the 

e l e c t r i c a l conductivity and d i e l e c t r i c constant behaviour of MgO. The 

samples have been tabulated i n Table 1.1, according to nominal composi­

t i o n . The single crystals were grown by electrofusion from powders 

by W & C Spicer Ltd., Cheltenham, and a l l the measurements reported 

here were made on single crystal material. I t was found that, at any 

pa r t i c u l a r frequency, the e l e c t r i c a l conductivity of Fe or Cr doped 

magnesium oxide sample was higher than that of pure MgO, although the 

respective values of d i e l e c t r i c constant e' were lower than f o r pure 

MgO. The variations of conductivity and d i e l e c t r i c constant versus 

frequency were investigated, and a decrease i n e' with increasing Fe 

or Cr concentration was also observed. 

The measurements of d i e l e c t r i c properties and conductivity 

were also undertaken at temperatures up to 70O°Ci_e, ~ - - 1.023 K""*" 

i n the frequency range from 500 Hz to 50 kHz. 

The object of t h i s work was to determine the d i e l e c t r i c 

behaviour of MgO, and i n par t i c u l a r to examine the effects of doping 

with i r o n and chromium, as part of a systematic study of the effect of 

t r a n s i t i o n group dopant ions on the e l e c t r i c a l characteristics of MgO. 

A considerable e f f o r t was directed towards finding the most appropriate 

methods for obtaining precision data since the changes i n e l e c t r i c a l 

properties due to doping were expected to be small, at least at the 

doping levels available. Thus the measurements of d i e l e c t r i c properties 

and conductivity were carried out using four d i f f e r e n t techniques, each 

technique covering a d e f i n i t e frequency range. The basic ideas involved 

i n these techniques d i f f e r considerably and for th i s 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 

d i e l e c t r i c s similar to magnesia. The interpretation of the data 



Ref. No. Nominal Composition 

1 MgO (pure) 

2 MgO + 310 ppm Fe 
3 MgO + 2,300 ppm Fe 
4 MgO + 4,300 ppm Fe 
5 MgO +12,800 ppm Fe 

6 MgO + 800 ppm Cr 

7 MgO + 1,300 ppm Cr 
8 MgO + 3,600 ppm Cr 

TABLE 1.1 : Nominal Composition of Samples 



obtained has been discussed i n terms of the hopping model of conductivity 

and some suggestions made regarding the correlation of conductivity 

results with s t r u c t u r a l information derived by d i f f e r e n t methods. 

1.2 HISTORICAL REVIEW 

Several determinations of the e l e c t r i c a l 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 v a r i a t i o n i n the techniques of measurement used by di f f e r e n t 

workers. Thus i n attempting to compare previous results i t i s often 

found that the p u r i t y of the samples was unknown ; that d.c. and a.c. 

techniques have been u t i l i z e d , that the electrode materials which were 

evaporated on the samples were d i f f e r e n t , that the geometry of the elect­

rode systems was not the same and f i n a l l y that the atmospheres surround­

ing the samples involved d i f f e r e n t gases. 

Since i t became clear from a b r i e f review that the conduction 

mechanism i s s t i l l not well defined, a wider l i t e r a t u r e survey has been 

undertaken. In some early measurements on single crystal MgO, Yamaka 

and Sawamoto (1) suggested that at room temperature the charge carriers 

are electrons due to excess magnesium. Their experiment was performed 

i n oxygen and magnesium vapour ; i t was observed that the conductivity 

increased after hetiting the sample i n magnesitmi vapour. They also 

proposed that t h i s increase i n conductivity might be due to surface 

conduction, since a two terminal measurement was u t i l i z e d i n t h e i r 

experiment. Later, work by Surplicean<i 3ones( 18) showed that the 

conductivity was due to a motion of n~tyi:e electrons at temperatures 

i n the range of 590°-870° C. This was proved by determining the sign 

of the thermoelectric power. Subsequently, Afzal et a l (19) proved 

the idea of conduction by n-type electron by measuring the Seebeck 

coeff i c i e n t of MgO ; Mitoff (2) also confirmed that (near room tempera-



ture) the conductivity i s electronic rather than ionic. He also found 

that introduction of iron i n MgO sample considerably increases the 

e l e c t r i c a l 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 i s ionic but the nature of conduction 
o 

changes to electronic at high temperature ( > 1000 C) . In his 

experiment. Mitoff measured the conductivity of pure MgO single crystal 

and MgO doped with l i t h i u m . A small change i n conductivity was observed. 

Shakhtin et al (15) found that the introduction of iron i n MgO affected 

conductivity, which was increased. They suggested that iron atoms 

occupy the position of Mg ions i n the l a t t i c e and may be i n either 

divalent (Fe^^) or t r i v a l e n t (Fe"^^) states ; th i s could increase either 

the ionic or electronic conductivity but, since the mobility of ions 

i s much less than that of electrons, i t was deduced that electronic 

conductivity predominates over the ionic conductivity. Zirkindahd Freevnity 
(6) pointed out that the nature of e l e c t r i c a l conductivity of MgO at 

o 

temperatures < 600 C i s not known, a fact which probably i n i t i a t e d the 

study of e l e c t r i c a l conductivity of MgO by Lempicki (7) , who also 

concluded that i t i s l i k e l y to be electronic rather than ionic. 

Davies (9) compared his results with those of previous workers and 

concluded that the conduction i n pure MgO was purely ionic. His 

proposal i s the most progressive theory reported recently. According 
2- 2+ 

to him the conduction carriers i n MgO are O and Mg . Pal'guevahd Nevimin 

(17) i s one of the workers on conductivity of MgO who supports the 

ionic conduction mechanism within a certain i n t e r v a l of temperature for 

MgO. 

Mitoff (12) l a t e r proposed that the conductivity of MgO i s 



p a r t i a l l y electronic and p a r t i a l l y ionic, the l a t t e r contribution being 

due to the motion of magnesium ions. Choi et a l (22) also concluded 

that the mechanism of conduction i n MgO single crystal i s ionic rather 

than electronic and, furthermore, reported that the addition of nickel 

i n MgO increases the e l e c t r i c a l conductivity. An alternative model, 

suggested by Day (13) , i s that the conduction process i s due to holes 

i n the valence band, electrons being transferred from the valence band 

to localized states above i t . Further evidence for conduction by holes 

was found by Yamaka and Sawamoto (14) , whose results were similar to 

those of Day. F i n a l l y , i t may be noted that Mansfield (16) proposed 

an electronic conduction mechanism for MgO single crystal i n which the 

charge carriers are holes. 

Although there i s c o n f l i c t i n g evidence on the nature of the 

mechanisms involved (24), i t i s generally held that ionic conductivity 

predominates i n the lower temperature range but thr-t at high tempera­

tures (> 1300° C) the nature of conduction changes and electronic 

conductivity predominates (3,11,16). However, the nature of the charge 

carriers even i n pure magnesium oxide has not been conclusively determined 

though i t i s interesting to note that i t has been suggested that there 

may be vacancies associated with impurities. 

The int e r p r e t a t i o n of quite a large number of measurements of 

conductivity of MgO single crystal are based on ionic and/or electronic 

conduction mechanisms. As an alternative approach, i n t h i s thesis the 

hopping theory of the conduction has been adopted as the basis for 
1 , ; 

discussion since i t has , over the past few years, been shown to be 

applicable to a f a i r l y wide range of low mobility materials. Thus an 

attempt has been made to inte r p r e t the data i n terris of Jonscher's 

"Universal Law" i n which the conductivity is assumed to arise from hopping 

processes. The various proposals for the conduction mechanism i n MgO 
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single crystals which have been made within the past t h i r t y years by 

various workers have been tabulated i n Table 1.2. This enables one to 

have a b r i e f and quick reference to the history of conduction mechanisms 

and i t i s also a r e l i a b l e i l l u s t r a t i o n of the c o n f l i c t i n g ideas on the 

nature of the charge ca r r i e r s . As i t i s seen riost of the e a r l i e r theories 

assumed that the conductivity was electronic, but the l a t e r theories 

showed tlie presence of ionic conduction mechanisms. 

Recently the Universal Law of d i e l e c t r i c behaviour has been 

developed for mater.ials i n which conductivity occurs by hopping process. 

The hopping mechanism has been reported by several authors, for example, 

on n-type c r y s t a l l i n e s i l i c o n with various kinds of impurities by Pollak 

and Geballe (25) . The idea of hopping mechanisms i n MgO was suggested 

for the f i r s t tine by Lewis et a l (8) , They showed that mechanism of 

conduction at lower temperatures could be controlled by electrons 

hopping between impurities sites i n the crystal. According to them, i t 

is more appropriate to consider localized electronic energy states at 

impurities ; and conduction was due to thermally activated electrons 

which are jumping from s i t e to s i t e . They also made calculations of 

conductivity for pure MgO i n terms of a model involving the hopping of 

oxygen ions between two sites i n the crystal. 

The Universal Law has been tested for over sixteen d i f f e r e n t 

• materials and the results have been interpreted by Jonscher (26). A l l 

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

conductivity follows 

n 
a (u) cc u) (1.1) 
ac 

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

i n terms of the real part of the p e r m i t t i v i t y , e ' and the imaginary 



Author Name Year 
Ref 
No. Proposed Conduction Mechanism 

Lempicki 1953 7 E l e c t r o n i c a t low temperature. 
Day 1953 13 p-type e l e c t r o n i c due to 

excess of Mg. 
Mansfield 1953 16 p-type e l e c t r o n i c . 
Yamaka & Sawamoto 1955 1 n-type e l e c t r o n i c due to 

excess of Mg. 
Yamaka & Sawamoto 1956 14 p-type e l e c t r o n i c . 
Mitoff 1959 2 e l e c t r o n i c . 
S chmalzried 1960 4 i o n i c . 
Mitoff 1962 3 high-tem.electronic and low-tem. 

i o n i c . 
Pal'guev 1962 17 i o n i c . 
Davies 1963 9 . . , 2+ 2-l o n i c (Mg and 0 ) . 
Z i r k i n d 1964 6 e l e c t r o n i c a t low-tem. 
Mitoff 1964 12 i o n i c a t low-tem, and e l e c t r o n i c 

a t high-tem. 
S u r p l i c e 1964 18 r.-type e l e c t r o n i c . 
Budnikov 1964 20 n-type e l e c t r o n i c and i o n i c . 
Luzgin 1965 21 i o n i c . 
Shakhtin 1967 15 e l e c t r o n i c s . 
Lewis & Wright 1968 8 e l e c t r o n hopping a t low-tem. 
Lewis & Wright 1970 10 oxygen ion hopping. 
Osburn 1971 23 2 + 

l o n i c (Mg ) . 
Choi 1973 22 i o n i c . 
A f z a l 1974 19 n-type e l e c t r o n i c . 
Wilson 1979 24 i o n i c . 
McMinn & Mauger 1979 11 e l e c t r o n i c a t high-tem. i o n i c 

a t low-tem. 

TABLE 1.2 Proposed c o n d u c t i v i t y mechanism i n MgO. 



p a r t of i t , e ", r e s p e c t i v e l y according to the r e l a t i o n s , 

e" (o)) oc 0)*^"^ (1,2) 

and 

(£' -e o)""-'- (1.3) 
00 

where ag a i n n <1 and , i s t h e p e r m i t t i v i t y a t very high frequency 

( l i m i t i n g p e r m i t t i v i t y ) . G e n e r a l l y , i t has been found t h a t the 

magnitude of the c o n d u c t i v i t y i s i n c r e a s e d by the a d d i t i o n of i m p u r i t i e s . 

1.3 CRYSTALLOGRAPHIC ASPECTS 

1.3.1 The Magnesium Oxide S t r u c t u r e 

Magnesium oxide c r y s t a l l i z e s i n the sodium c h l o r i d e - l i k e 

s t r u c t u r e , as do almost a t h i r d of the compounds of the type MX, where 

M denotes a metal i o n or atom and X an e l e c t r o n e g a t i v e element, e.g. 

oxygen, f l u o r i n e , c h l o r i n e , e t c . I n the case of MgO, M and X mean 

magnesium and oxygen r e s p e c t i v e l y . Figure 1.1 provides an i l l u s t r a t i o n 

of the MgO s t r u c t u r e . The l a t t i c e i s face-centred cubic with one atom 

a s s o c i a t e d with each l a t t i c e p o i n t , Mg a t (0,0,0) and oxygen a t (0,0,^) . 

Each of the two types of atom l i e s upon a face-centred c u b i c l a t t i c e , and 

each l i e s a t the " l a r g e s t i n t e r s t i c e " of the other's f . c . c . l a t t i c e . 

Each atom being surrounded by s i x ions of the other type. 

The l a r g e s t i n t e r s t i c e occurs a t p o s i t i o n s i n the u n i t c e l l w ith 

c o o r d i n a t e s {h,h,h) and e q u i v a l e n t p o s i t i o n s ( i . e . 0^0, OOh and ^^OO). 

There are four of these per u n i t c e l l , hence one per l a t t i c e p o i n t ; one 

l a r g e s t i n t e r s t i c e i s i l l u s t r a t e d i n F i g u r e 1.2. I n f a c t , from F i g u r e 1.2 

i t i s c l e a r t h a t each atom has a c o o r d i n a t i o n number of s i x , the neigh­

bours being a t the v e r t i c e s of a r e g u l a r octahedron. I t i s known t h a t 

tho bonding between the ions i s mainly i o n i c bonding but there i s some 

iwidotici^ ot ct-AMiont behaviour ( 3 0 ) , 



FIG.1.1 THE MAGNESIUM OXIDE LATTICE 
• = MAGNESIUM o = OXYGEN 

FIG.1.2 A L A R G E S T INTERSTICE 
THE MgO LATTICE 

. = Mg o = OXYGEN 



I n t h i s o c t a h e d r a l c o o r d i n a t i o n the i o n i c r a d i i , according to K e l l y 

and Groves ( 2 9 ) , a r e of 0.65 X f o r t h e Mg^^ and 1.40 8 f o r the 0^~. 

The l a t t i c e parameter of the MgO, a t 21°C, i s given by Wyckoff (30) 

as a = 4.2112 8. T h e i r p o s i t i o n s a re i l l u s t r a t e d i n two dimensional o 

r e p r e s e n t a t i o n i n F i g u r e 1.3. I n s i n g l e c r y s t a l s doped a t low con­

c e n t r a t i o n s , such as the i r o n or chromium doped specimens used i n the 

p r e s e n t experiment, i t i s g e n e r a l l y assumed t h a t the dopant e n t e r s the 

l a t t i c e s \ i b s t i t u t i o n a l l y and t h a t the average l a t t i c e parameter (or 

u n i t c e l l symmetry) i s not changed. 

1.3.2 The C r y s t a l F i e l d and Zero F i e l d S p l i t t i n g 

By doping the MgO w i t h i r o n , the l a t t e r i s expected to go i n t o 

the l a t t i c e by s u b s t i t u t i o n o f the magnesiiam s i t e s . T h i s assumption i s 

based on the f a c t t h a t the f e r r i c i o n (Fe^^) has an i o n i c r a d i u s o f 

0.64 8 (29) which i s almost the same as the corresponding ion Mg 

Although t h i s assumption i s f a i r l y reasonable i f one adopts the i o n i c 

r a d i i as a p o i n t of comparison, there s t i l l remains to be considered 

the d i f f e r e n c e i n e l e c t r i c charge between the t r i v a l e n t doping i o n and 

the d i v a l e n t magnesium. The f e r r i c i o n with i t s f i v e d e l e c t r o n s (3d^) 

has a symmetrical charge d i s t r i b u t i o n i n i t s ground s t a t e but i t i s a 

poor f i t i n the magnesium oxide l a t t i c e because of the e x t r a p o s i t i v e 

charge. Charge compensation i n the c r y s t a l i s a f f e c t e d e i t h e r by excess 

oxygen ions (31) or by v a c a n c i e s d i s t r i b u t e d a t random throughout the 

c r y s t a l . 

C o n s i d e r i n g then t h a t the previous assumption i s c o r r e c t and 

be a r i n g i n mind F i g u r e 1.2, i t can be observed t h a t the f e r r i c ion w i l l 

a c q u i r e an o c t a h e d r a l c o o r d i n a t i o n and i t i s to be submitted to strong 

i n t e r n a l e l e c t r i c f i e l d e x erted by the diamagnetic neighbours. I n the 

main, the symmetry o f t h i s c r y s t a l l i n e f i e l d w i l l depend on the l o c a l 

arrangement of the diamagnetic ions r a t h e r than on the o v e r a l l c r y s t a l 
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symmetry ; the s t r e n g t h o f the f i e l d being dependent on the d i s t r i b u t i o n 

of the charges, on the amount of the charges o f the va r i o u s ions and on 

the d i s t a n c e of these charges from the paramagnetic i o n . The a c t i o n of 

t h i s c r y s t a l l i n e f i e l d i s to s h i f t and s p l i t the e l e c t r o n i c energy 

l e v e l s . T h i s s p l i t t i n g , i n the absence of an e x t e r n a l magnetic f i e l d , 

i s known as "zero f i e l d s p l i t t i n g " . The c h a r a c t e r of the s p l i t t i n g 

o f energy l e v e l s o f paramagnetic ions by the c r y s t a l l i n e f i e l d depends to a 

g r e a t e x t e n t on the symmetry o f t h i s f i e l d . T h i s circumstance enabled 

Bethe (32) to o b t a i n a q u a l i t a t i v e s o l u t i o n of the problem with the a i d 

o f group theory. 

The ion Fe"^^ has a ground s t a t e of ^^^^^, and the r e s u l t a n t o r b i t a l 

momentum of the e l e c t r o n s equals z e r o . Through the s p i n - o r b i t i n t e r ­

a c t i o n a c r y s t a l l i n e f i e l d of cubic symmetry, as i t w i l l approximately 

r e s u l t from the o c t a h e d r a l arrangement of the s i x oxygens surrounding 

each paramagnetic ion, s p l i t s the s i x f o l d degeneracy i n t o a twofold 

degenerate l e v e l and a f o u r f o l d degenerate l e v e l ( 3 2 ) . Van Vleck and 

Penney (33) have d i s c u s s e d the mechanism by which such a s p l i t t i n g can 

be e f f e c t e d and have shown t h a t the c r y s t a l l i n e cubic f i e l d can i n f l u e n c e 

the e l e c t r o n s p i n s only through high order i n t e r a c t i o n s i n v o l v i n g s p i n -

o r b i t coupling with e x c i t e d s t a t e s . When the s p i n - o r b i t coupling i n t e r ­

a c t i o n i s much l e s s than the c r y s t a l f i e l d s p l i t t i n g , the wave fun c t i o n 

of the ground c r y s t a l f i e l d s t a t e w i l l contain admixtures of the next 

h i g h e r s t a t e , and as a r e s u l t o f t h i s admixture the g-fact o r of a 

t r a n s i t i o n - m e t a l i o n d e v i a t e s from i t s free e l e c t r o n value by a term 

t h a t i s p r o p o r t i o n a l to the s p i n - o r b i t coupling constant and i n v e r s e l y 

p r o p o r t i o n a l to the c r y s t a l f i e l d s p l i t t i n g . For the f e r r i c i on i n the 

magnesium oxide l a t t i c e . Low (34) has found the zero f i e l d s p l i t t i n g 
-4 -1 

to be 3a = 615 x 10 era ; t h i s value corresponds to a magnetic f i e l d 

of 658 Gauss ( 3 5 ) . F i g u r e 1.4 shows a diagram of the zero f i e l d 
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6 s p l i t t i n g of the ^^^2 s t a t e i n a cubic f i e l d . 

I t w i l l appear i n subsequent Chapters t h a t d e t a i l e d s t r u c t u r a l 

i n formation i s important f o r the primary task of enabling an adequate 

c h a r a c t e r i s a t i o n of each specimen ( p a r t i c u l a r l y the doped specimens) to 

be made. For t h i s purpose e x t e n s i v e e l e c t r o n s p i n resonance s t u d i e s 

of v a r i o u s t r a n s i t i o n group ions i n MgO have been c a r r i e d out independ­

e n t l y i n the Department and use of t h i s data has been made to confirm 

t h a t , a t the co n c e n t r a t i o n s used, the iron and chromium d i d enter the 

l a t t i c e s u b s t i t u t i o n a l l y a t Mg^^ s i t e s and th a t they were present as 

Fe"̂ "*̂  and Cr"^^ r e s p e c t i v e l y . 
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CHAPTER 2 

DIELECTOIC THEORY 

2.1 DIELECTRIC PROPERTIES OF MATERIAL 

There i s a complex parameter f o r any d i e l e c t r i c m a t e r i a l which 

determines i t s behaviour i n the presence of an e l e c t r i c f i e l d . I t i s a 

p h y s i c a l parameter which i n d i c a t e s the use f u l n e s s of the d i e l e c t r i c 

m a t e r i a l f o r any s p e c i f i c e l e c t r i c f i e l d a p p l i c a t i o n . T h i s parameter i s 

u s u a l l y c a l l e d the complex d i e l e c t r i c constant or p e r m i t t i v i t y which i s 

g e n e r a l l y r e p r e s e n t e d by E . I t i s shown by E = E f o r f r e e space o r 
lO^ -12 -1 * 

vacuum (e = —̂ - = 8.8542 x 10 F m ) . The q u a n t i t y e i s 
° 4^C 

u s u a l l y used i n the form of a normalized complex d i e l e c t r i c constant (e ) 
r 

or r e l a t i v e p e r m i t t i v i t y , i . e 

= e' 3 e (2.1) 

For f r e e space i t s value i s equal to u n i t y . Separating r e a l and imaginary 

p a r t s of both s i d e s g i v e s . 

Rp (2.2) 

and 

= I m (2.3) 

e' i s c a l l e d the r e a l p a r t of the complex d i e l e c t r i c constant, and e" i s the 

imaginary p a r t of the complex d i e l e c t r i c constant or more u s u a l l y , l o s s 

f a c t o r . I n these equations, the r e a l p a r t e', d i r e c t l y r e p r e s e n t s the 

amount of energy which can be s t o r e d by the a p p l i e d e l e c t r i c f i e l d i n a 

d i e l e c t r i c m a t e r i a l . A l t e r n a t i v e l y i t can be thought of as a parameter 
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of the d i e l e c t r i c t h a t determines i t s a b i l i t y to form a capa c i t a n c e 

because i n s e r t i n g a s l a b of d i e l e c t r i c i n a c a p a c i t o r i n c r e a s e s the 

c a p a c i t y by a f a c t o r of E ' . On the other hand, the imaginary p a r t , e" 

i s a d i r e c t measure of how much energy i s d i s s i p a t e d i n t h e form of heat. 

The r e l a t i v e p e r m i t t i v i t y , then can be w r i t t e n a s . 

£ ^ = E' (1 - j Tan 6 ) (2.4) 

where 
I I 

Tan 6 = £ ^ (2^5^ 

Tan <S i s p r o p o r t i o n a l to the r a t i o of the power l o s t i n heat, to the 

energy s t o r e d per c y c l e i n the d i e l e c t r i c m a t e r i a l . I t i s c a l l e d the 

l o s s tangent. Therefore, the l o s s tangent i s a u s e f u l f a c t o r i n e l e c t r o n i c 

e n g i n e e r i n g and m a t e r i a l s c i e n c e f o r determining the power l o s s . 

The complex r e l a t i v e p e r m i t t i v i t y and i t s r e a l (e') and 

imaginary (e") components w i t h t h e i r a s s o c i a t e d l o s s angle are i l l u s t r a t e d 

v e c t o r i a l l y i n F i g u r e 2.1. g e n e r a l l y f o r small 6, Tan 6 - s i n 6. 

The q u a n t i t i e s £' and e" are both dimensionless, because i t i s 

assumed t h a t a l l v a l u e s are r e l a t i v e to free space ; t h e r e f o r e they 

p r e s e r v e t h e i r values i r r e s p e c t i v e of the s e l e c t e d system of u n i t s . 

2.2 POLARIZATION 

2.2.1 General D e s c r i p t i o n 

There are no f r e e charges i n an i d e a l d i e l e c t r i c m a t e r i a l . 

S i n c e a l l m a t e r i a l s are composed of atoms, th e r e f o r e they can be assumed 

as charge e n t i t i e s i n i t . These atoms of a d i e l e c t r i c are normally 

a f f e c t e d by an a p p l i e d e l e c t r i c f i e l d . "The r e s u l t of t h i s f i e l d i s a 

f o r c e which i s exerted on each chargr.-d p.irticM.r;. Thriroforf; the- pdrti.cles 

w i t h p o s i t i v e e l e c t r i c charge are boirjg pur-;hif:d i n thio di r f j c l ir^n of t.h'; 

f i e l d , and those with negative charge oppositely. As a r e s u l t the 
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p o s i t i v e and negative charged p a r t i c l e s of each atom are d i s p l a c e d from 
t h e i r e q u i l i b r i u m p o s i t i o n s i n opposite d i r e c t i o n s . These displacements, 
however, a re sometimes l i m i t e d , i . e . i n most ca s e s to very small f r a c t i o n s 
o f an atomic diameter. From the macroscopic p o i n t of view, a l l e f f o r t s 
may be e a s i l y assumed as a displacement of the e n t i r e p o s i t i v e charges 
r e l a t i v e to the negative charges throughout the d i e l e c t r i c . T h i s 
c o n d i t i o n of a d i e l e c t r i c i s c a l l e d p o l a r i z a t i o n . Most authors have 
shown t h a t the p o l a r i z a t i o n of a d i e l e c t r i c depends on the t o t a l e l e c t r i c 
f i e l d i n the m a t e r i a l , i . e . 

P = a E (2.6) 

where a i s p o l a r i z a b i l i t y f a c t o r . The p o l a r i z a t i o n i s a l s o defined as 

e l e c t r i c d i p o l e moment per u n i t volume (36) i . e . i t i s the sum of n 

e l e c t r i c d i p o l e moments i n a u n i t volume, 

P. (2.7) 

I t i s obvious t h a t the degree of the p o l a r i z a t i o n depends on the 

e l e c t r i c f i e l d and the p r o p e r t i e s o f the atoms which make the m a t e r i a l . 

I n i s o t r o p i c m a t e r i a l s the p o l a r i z a t i o n has the same d i r e c t i o n as the 

e l e c t r i c f i e l d causing i t . Therefore, p o l a r i z a b i l i t y , a, i s a s c a l a r 

q u a n t i t y . I n a n i s o t r o p i c m a t e r i a l s p o l a r i z a t i o n has d i f f e r e n t values i n 

each d i r e c t i o n , so a w i l l be a tensor quantity. 

The p o l a r i z a t i o n , P and e l e c t r i c displacement, D and e l e c t r i c 

f i e l d E a re r e l a t e d to each other (36-38), by 

D = P + e E 
and 

D = G e E o r 

(2.8) 

(2.9) 

From Eqns. 2.8 and 2.9, a r e l a t i o n between p o l a r i z a t i o n and complex r e l a t i v e 
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d i e l e c t r i c c o n s t a n t may be obtained a s , 

P = E E (e - 1 ) (2.10) o r 

From t h i s equation, i t i s e a s i l y deduced that the magnitude of r e l a t i v e 

p e r m i t t i v i t y , e^, must be g r e a t e r than unity, otherwise t h i s equation 

w i l l not have p h y s i c a l s i g n i f i c a n c e . 

S i n c e there i s always the p o s s i b i l i t y of a phase l a g developing 

between the a p p l i e d f i e l d and the instantaneous p o l a r i z a t i o n , the r e l a t i v e 

p e r m i t t i v i t y , e^, can be expressed i n terms of r e a l and imaginary p a r t s , 

(Eqn. 2 . 1 ) . 

There are t h r e e mechanisms of p o l a r i z a t i o n , namely 

1. E l e c t r o n i c P o l a r i z a t i o n 

2. I o n i c P o l a r i z a t i o n 

3. Dipole O r i e n t a t i o n 

These mechanisms w i l l be summarized i n the f o l l o w i n g s e c t i o n s . 

2-2.2 E l e c t r o n i c P o l a r i z a t i o n 

I t i s known t h a t i n any d i e l e c t r i c m a t e r i a l the p o s i t i v e atomic 

nucleus i s surrounded by a cloud of negative e l e c t r o n s . By applying an 

e x t e r n a l e l e c t r i c f i e l d to the m a t e r i a l , the e l e c t r o n s are s l i g h t l y 

d i s p l a c e d r e l a t i v e to the nucleus and an e l e c t r i c dipole moment i s 

c r e a t e d ; e l e c t r o n i c p o l a r i z a t i o n has occurred i n the system. I t i s 

shown s c h e m a t i c a l l y i n F i g 2.2. T h i s p o l a r i z a t i o n i s e s t a b l i s h e d during 

a very b r i e f i n t e r v a l of time (10 s) which corresponds to the u l t r a ­

v i o l e t range of wavelength. 

S i n c e t h i s mechanism of p o l a r i z a t i o n occurs i n a l l atoms or i o n s , 

i t can be observed i n a l l d i e l e c t r i c s i r r e s p e c t i v e of whether other types 

of p o l a r i z a t i o n are d i s p l a y e d . T h i s p o l a r i z a t i o n s a t i s f i e s Maxwell's 

theory, i . e . 

e = (2.11) 
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where y i s t h e r e f r a c t i v e i n d e x a t o p t i c a l w a velengths. 

2.2.3 I o n i c P o l a r i z a t i o n 

I n t h i s p o l a r i z a t i o n , t h e p o s i t i v e and n e g a t i v e i o n s i n a 

p a r t i a l l y i o n i c s o l i d a r e d i s p l a c e d r e l a t i v e l y f r o m t h e i r e q u i l i b r i u m 

p o s i t i o n s when an e x t e r n a l e l e c t r i c f i e l d i s a p p l i e d . T h i s i s shown i n 

F i g 2.3. The charge d i s p l a c e m e n t p o l a r i z e s t h e i o n s and produces an 

i n d u c e d e l e c t r i c moment. T h i s p o l a r i z a t i o n a l s o a r i s e s f r o m t h e 

d i s p l a c e m e n t o f t h e n u c l e i and i t i s f r e q u e n c y dependent i n t h e i n f r a ­

r e d r e g i o n , when t h e a p p l i e d f r e q u e n c y approaches t h a t o f t h e m o l e c u l a r 

v i b r a t i o n . A l t h o u g h o n l y a s h o r t t i m e i s r e q u i r e d f o r t h i s process o f 

i o n i c p o l a r i z a t i o n t o s e t i n , i t i s l o n g e r t h a n f o r e l e c t r o n i c p o l a r i z a -
-13 -12 

t i o n ( a b o u t 10 t o 10 s ) . I n t h e presence o f i o n i c p o l a r i z a t i o n 
2 

Maxwell's e q u a t i o n (2.11) does n o t h o l d ; i n t h i s case e > y . 

2'2-4 D i p o l e O r i e n t a t i o n 

When an e x t e r n a l e l e c t r i c f i e l d i s a p p l i e d t o a s l a b o f d i e l e c t r i c 

m a t e r i a l , atoms w i t h d i s p l a c e d p o s i t i v e and n e g a t i v e charges o f equal 

magnitude ( d i p o l e ) r e l a t i v e t o each o t h e r t e n d t o o r i e n t themselves i n 

a d i r e c t i o n o p p o s i t e t o t h a t o f t h e a p p l i e d e l e c t r i c f i e l d , F i g 2.4, I t 

i s known t h a t t h e e l e c t r i c f i e l d i s d i r e c t e d from p o s i t i v e t o n e g a t i v e 

charges b u t t h e o r i e n t a t i o n o f d i p o l e s i n t h e m a t e r i a l i s i n o p p o s i t i o n 

t o i t . T h i s , t h e r e f o r e , r e s u l t s i n a reduced i n t e r n a l e l e c t r i c f i e l d 

compared w i t h t h e a p p l i e d f i e l d . 

Assuming t h a t a l l t h e m o l e c u l e s are o r i e n t e d w i t h t h e i r d i p o l e 

axes i n t h e d i r e c t i o n o f t h e f i e l d , a permanent moment w i l l t h e r e f o r e be 

added t o t h e i n d u c e d moment. The o r i e n t a t i o n o f t h e m o lecules i s however 

opposed by t h e i r t h e r m a l m o t i o n , w h i c h v a r i e s w i t h t e m p e r a t u r e . As a 

r e s u l t a t h i g h t e m p e r a t u r e s t h e t h e r m a l motion p r a c t i c a l l y p r e v e n t s t h e 

o r i e n t a t i o n o f t h e m o l e c u l e s and h(,>ric(,' Un-. f;fj 1 ar i n a t i o n i s reduced. 

Debye has d e r i v e d t h e p o l a r i z a t i o n f o r p o l a r molecules and 
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showed t h a t m o l e c u l e s w i t h z e r o r o t a t i o n a l energy c o n t r i b u t e t o o r i e n t a ­

t i o n p o l a r i z a b i l i t y and t h a t t h e number o f t h i s k i n d o f mo l e c u l e 

decreases w i t h i n c r e a s i n g t e m p e r a t u r e . D i p o l e p o l a r i z a t i o n can appear 

i n p ure f o r m o n l y i n gases, l i q u i d s and amorphous b o d i e s . I n c r y s t a l l i n e 

b o d i e s a t t e m p e r a t u r e s below t h e m e l t i n g p o i n t , t h e d i p o l e s a r e f r o z e n 

and so t h e y can n o t be o r i e n t e d and d i p o l e p o l a r i z a t i o n cannot o c c u r i n 

them. 

The d i p o l e i n t h e m a t e r i a l w i l l r o t a t e t h r o u g h an a n g l e o f 180° 

when t h e a p p l i e d e l e c t r i c f i e l d changes i t s d i r e c t i o n w i t h t h e f r e q u e n c y 

o f f . On i n c r e a s i n g t h e f r e q u e n c y t h e chance o f changing d i p o l e d i r e c t i o n 

becomes s m a l l e r and i t w i l l n o t be a b l e t o be i n t i m e . 

2.3 DIELECTRIC LOSS ANGLE 

I f i t i s assumed t h a t t h e power i s n o t d i s s i p a t e d a t a l l i n t h e 

i d e a l d i e l e c t r i c o f t h e c a p a c i t o r , t h e phasor o f c u r r e n t would be ahead 

o f t h e phasor o f e l e c t r i c f i e l d , E, p r e c i s e l y by 90° and t h e c u r r e n t 

w o u l d be p u r e l y r e a c t i v e , as i s shown i n F i g 2.5. 

I n p r a c t i c e t h e phase a n g l e , <(), i s s l i g h t l y l e s s t h a n 90°, and 

t a r (2.12) 

where I ^ = t o t a l c u r r e n t 

I ^ = a c t i v e component = E oj e' C 

I ^ = r e a c t i v e component = E we" C 

Si n c e t h e phase a n g l e , ^ , i s v e r y c l o s e t o 90° i n a h i g h q u a l i t y d i e l e c t r i c 

c a p a c i t o r . The a n g l e 6 i s d e f i n e d by 

6 = 90° - (j) (2.13) 
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The a n g l e <S i s c a l l e d t h e d i e l e c t r i c l o s s a n g le ; and 

Tan 6 = ^ = = (2.14) 
"a E 0)8 ' c I e' 

T h i s parameter i s v e r y i m p o r t a n t f o r a d i e l e c t r i c m a t e r i a l and i t i s 

c a l l e d t h e l o s s t a n g e n t (Tan6 ) . Sometimes t h e q u a l i t y f a c t o r o f a 
1 d i e l e c t r i c i s s p e c i f i e d and t h i s i s g i v e n by Q Tan 6 ° 

2.4 FREQUENCY DEPENDENCE OF E ' AND e" 

As n o t e d b e f o r e , t h e t i m e r e q u i r e d f o r e l e c t r o n i c o r i o n i c 

p o l a r i z a t i o n t o be e s t a b l i s h e d i s v e r y s m a l l compared w i t h t h e p e r i o d 

o f t h e a p p l i e d f i e l d . For t h i s r e a s o n t h e r e i s no reason t o ex p e c t 

t h a t any f r e q u e n c y dependence s h o u l d appear i n such d i e l e c t r i c s . T h i s 

i s n o t so i n t h e case o f t h e d i p o l e p o l a r i z a t i o n mechanism ; t h e v a l u e 

o f E ' o f a p o l a r d i e l e c t r i c b e g i n s t o drop when t h e f r e q u e n c y b e g i n s t o 

i n c r e a s e . By removing t h e a p p l i e d e l e c t r i c f i e l d a l l t h e d i p o l e s i n 

t h e m a t e r i a l r e l a x t o a new e q u i l i b r i i m p o s i t i o n and t h e p o l a r i z a t i o n 

decays e x p o n e n t i a l l y . The r e l a x a t i o n t i m e i s d e f i n e d as t h e t i m e i n 

whi c h t h e p o l a r i z a t i o n i s reduced t o ™ times i t s o r i g i n a l v a l u e . Debye 

s t a t e s t h a t d i e l e c t r i c r e l a x a t i o n i s t h e l a g i n d i p o l e o r i e n t a t i o n b e h i n d 

t h e a p p l i e d a l t e r n a t i n g e l e c t r i c f i e l d . The r e l a x a t i o n t i m e , T , depends 

on t h e v a r i o u s f a c t o r s such as, t h e v i s c o s i t y o f t h e medium, t h e s i z e 

o f t h e p o l a r m o l e c u l e s , t h e f r e q u e n c y and t h e t e m p e r a t u r e o f t h e m a t e r i a l . 

I f t h e p o l a r m o l e c u l e s a r e l a r g e , o r t h e v i s c o s i t y o f t h e medium i s 

h i g h , o r t h e f r e q u e n c y o f t h e a p p l i e d f i e l d i s h i g h , t h e r o t a r y m o t i o n 

o f m o l e c u l e s becomes o u t o f s t e p w i t h t h e f i e l d and t h e p o l a r i z a t i o n 

w i l l a c q u i r e an o u t - o f - p h a s e component. Thus t h e d i s p l a c e m e n t c u r r e n t 

a c q u i r e s a conductance component i n phase w i t h t h e f i e l d w hich r e s u l t s 

i n a t h e r m a l d i s s i p a t i o n o f energy ( F i g 2.5). 
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The dependence o f e' and e" on frequ e n c y a r e shown i n P i g 2.6. 

As t h e f r e q u e n c y i s i n c r e a s e d i t i s r e a s o n a b l e t o expect t h a t t h e t o t a l 

p o l a r i z a t i o n w i l l ' d e c r e a s e and hence e' w i l l decrease. A l l o f t h e 

energy a p p l i e d t o t h e m a t e r i a l by t h e e l e c t r i c f i e l d i s n o t used t o o r i e n t 

t h e d i p o l e s , b u t some i s l o s t t o t h e m a t e r i a l by i n c r e a s i n g t h e random 

t h e r m a l m o t i o n t h a t e x i s t s i n e v e r y substance. T h e r e f o r e as e.' 

decreases, e" s h o u l d i n c r e a s e . T h i s phenomenon i s shown i n F i g 2.6. 

The r e d u c t i o n i n e' i n t h e frequ e n c y r e g i o n near l o ^ Hz i s due 

12 15 

t o d i p o l a r p o l a r i z a t i o n , whereas a t r e g i o n s near 10 and 10 Hz, 

atomic and e l e c t r o n i c p o l a r i z a t i o n s a r e r e s p o n s i b l e . As t h e f r e q u e n c y 

i n c r e a s e s above f = 10^ Hz t h e c o n t r i b u t i o n o f t h e d i p o l e o r i e n t a t i o n 

e v e n t u a l l y d i s a p p e a r s , and t h e p e r m i t t i v i t y l e v e l s o f f a t a l o w e r v a l u e 

. Where f > 10''̂ "̂ , i . e . i n t h e v i s i b l e f r e q u e n c y range, a f i n a l 
2 

l i m i t i n g v a l u e o f E ' = U (Maxwell's e q u a t i o n ) can be reached. A t zero 

f r e q u e n c y ( d . c . f i e l d ) , e = e^, where i s equal t o t h e s t a t i c v a l u e 

o f d i e l e c t r i c c o n s t a n t . 

There i s a r e l a t i o n between e^, and frequ e n c y w h i c h i s 

known as t h e Debye e q u a t i o n (37,39,40). I t can be d e r i v e d f r o m t h e 

r e l a t i o n , 
* S 00 

e = ^ 0 0 + (2.15) 
1 + j 0) T 

* 
I n t r o d u c i n g E = E ' - j e " and comparing r e a l and i m a g i n a r y p a r t s y i e l d s , 

e - E 

E ' (u) = + ~ j-j (2.16) 
1 + to T 

and 

(e -e )a)T 
e"(aj) = {2.17) 

1 + to T 

where x ^ r e l a x a t i o n t i m e and e and £ are as d e f i n e d b e f o r e . 
CO s 

E q u a t i o n s 2.16 and 2.17 are c a l l e d t h e Debye e q u a t i o n s . T h e i r r a t i o i s 
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e" (0)) 

e- (w) - e 
(0 T (2.18) 

These e q u a t i o n s are p l o t t e d i n F i g 2.7. 

2.16 and 2.17 g i v e s 

2 

e' 
e' - e 
S a + £ 

E l i m i n a t i n g WT between eqns, 

e - e s <» 
(2.19) 

w h i c h i s t h e e q u a t i o n o f a c i r c l e . Since t h e e" >o a s e m i c i r c l e w i l l 

be p h y s i c a l l y m e a n i n g f u l . The Debye s e m i c i r c l e has t h e advantage o f 

g i v i n g a r e p r e s e n t a t i o n o f a s i m p l e r e l a x a t i o n p r o c e s s when t h e r e l a t i v e 

p e r m i t t i v i t i e s £', e" a r e p l o t t e d on a complex p l a n e . 

The a.c, e l e c t r i c a l c o n d u b t i v i t y can be r e p r e s e n t e d by. 

03 
0 (u) 
ac 2 2 

+ 0) T 
(2.20) 

t h i s a p p l i e s o n l y f o r d i p o l a r processes ; as can be seen a t f r e q u e n c i e s 
1 2 

f < — , a i s p r o p o r t i o n a l t o w . Th i s r e s u l t d i f f e r s from t h a t 

o b t a i n e d on t h e h o p p i n g model. 

2.5 TEMPERATURE DEPENDENCE OF DIELECTRIC CONSTANT 

I n s o l i d d i e l e c t r i c m a t e r i a l s t h e n a t u r e o f t h e dependence o f 

d i e l e c t r i c c o n s t a n t on t e m p e r a t u r e may be determined by v a r i o u s f a c t o r s . 

I n most cases when t h e t e m p e r a t u r e i n c r e a s e s , t h e i o n i c mechanism o f 

p o l a r i z a t i o n i n c r e a s e s and hence t h e magnitude o f e ' w i l l be i n c r e a s e d . 

I n c o n t r a s t , t h e in c r e a s e o f t e m p e r a t u r e does n o t a f f e c t t h e e l e c t r o n i c 

p o l a r i z a t i o n . On t h e o t h e r hand t h e d i p o l e o r i e n t a t i o n c o n t r i b u t i o n 

i s a l s o d i r e c t l y p r o p o r t i o n a l t o t h e t e m p e r a t u r e , i . e . t h e temperati^re 

f a c i l i t a t e s t h e r o t a t i o n o f d i p o l e s i n an a p p l i e d e l e c t r i c f i e l d . I n 
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p o l a r d i e l e c t r i c m a t e r i a l s t h e m o l e c u l e s cannot o r i e n t themselves i n 

t h e low t e m p e r a t u r e r e g i o n . I n t h e case o f i s o t r o p i c and c u b i c 

d i e l e c t r i c s , t h e t e m p e r a t u r e v a r i a t i o n o f t h e d i e l e c t r i c c o n s t a n t 

b e h a v i o u r depends on t h r e e f a c t o r s . These f a c t o r s have been s t u d i e d 

by Havinga ( 4 1 ) . He has a t t e m p t e d t o c a l c u l a t e t h e s e f a c t o r s from 

t h e C l a u s i u s - M o s o t t i e q u a t i o n , w h i c h i s g i v e n by 

e-1 Na 
e' +2 3 E ^ (2.21) 

where N = t h e number o f m o l e c u l e s p e r u n i t volume 

E ^ = p e r m i t t i v i t y o f f r e e space 

a = p o l a r i z a b i l i t y o f m o l e c u l e s 

e' = d i e l e c t r i c c o n s t a n t 

The C l a u s i u s - M o s o t t i equat.ion i s a r e l a t i o n between a macroscopic 

p r o p e r t y o f a d i e l e c t r i c , ( . i . e . e , w h i c h can be measured e x p e r i m e n t a l l y ) 

and a m i c r o s c o p i c p r o p e r t y , ( i . e . p o l a r i z a b i l i t y , a) . I n eqn. 2.21, N 

can be r e p l a c e d by, 

^ A P 
M (2.22) 

where = Avogadro's number (6.022169 x lo'''^ mol"''") 

M = m o l e c u l a r w e i g h t ( kg) 

p = d e n s i t y ( kg m ^) 

A n o t h e r v e r s i o n o f C l a u s i u s - M o s o t t i e q u a t i o n may be w r i t t e n 

as ( 4 2 ) , 

E ^ - l ^ 4TT 
e ' + l 3 

a 
V [2.23) 

where v i s e q u a l t o the volume o f a s m a l l sphere o f m a t e r i a l , and o t h e r 

q u a n t i t i e s a r e as have been d e f i n e d b e f o r e . i t must be t a k e n t h a t t h e 
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volume of the sphere i s l a r g e r e l a t i v e to the l a t t i c e dimensions. 

The C l a u s i u s - M o s o t t i equation i s a p p l i c a b l e to a l l cubic and 

i s o t r o p i c m a t e r i a l s and a l l d e r i v a t i o n i s based on t h i s assumption. 

From eqn. 2.21 one can d e r i v e the r e l a t i o n 

( e ~ l ) (e'+2) 
is ! 
8T 

= A + B + C (2.24) 

where A, B and C are the f a c t o r s which have been c a l c u l a t e d by Havinga. 

They are defined as : 

A: T h i s f a c t o r a r i s e s from volume expansion. As a r e s u l t of 

expansion the number of p o l a r i z a b l e p a r t i c l e s per u n i t volxjme i s reduced 

( s i n c e the number o f p a r t i c l e s are constant) , Therefore by i n c r e a s i n g 

temperature e' d e c r e a s e s . 

B: T h i s f a c t o r i n c r e a s e s e' since i t r e l a t e s to the i n c r e a s e 

of p o l a r i z a b i l i t y of the p a r t i c l e s when the volume expansion occurs. 

C: I n a constant volume, t h i s f a c t o r a r i s e s from the dependence 

of p o l a r i z a b i l i t y of the p a r t i c l e s on temperature. 

I n order to determine A, B, and C some p h y s i c a l q u a n t i t i e s must 

be measured ex p e r i m e n t a l l y (41-42). Then these f a c t o r s can be evaluated 

from d i e l e c t r i c constant v e r s u s temperature data. The c a l c u l a t e d magnitudes 

of A, B and C are i n v a r i a b l y f o r each s p e c i f i c m a t e r i a l . 

Bosman and Havinga (43) have found t h a t the sum of A and B i s 

always p o s i t i v e and hence, (A + B) c o n t r i b u t e s i n the i n c r e a s i n g of e'. 

But the f a c t o r C i s n e g a t ive f o r those types of m a t e r i a l with e' > 10 

and i t i s p o s i t i v e f o r those which have e' < 10. 

According to them, the temperature dependence of a d i e l e c t r i c 

constant ( eqn. 2.24) i s always p o s i t i v e for e' < 20 and i t i s negative 
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f o r e' > 20. 

s i n g l e c r y s t a l , 

The temperature dependent d i e l e c t r i c constant o f magnesitun oxide 

has been c a l c u l a t e d by B a r t e l s and Smith (42) 3T 
P 

from t h e i r own measurements over the temperature range 15 to 294° K . 

A l l a u x i l i a r y data f o r determination o f the f a c t o r s A, B and C re q u i r e d 
9E'I , 

f o r MgO are given by r e f e r e n c e s l i s t e d i n 9T f o r c a l c u l a t i o n o f 

(4 2 ) . p 

2.6 CONDUCTION MECHANISMS 

The phenomenon of e l e c t r i c a l conduction shows ap p r e c i a b l e 

v a r i a t i o n s depending on the nature o f the charge c a r r i e r i n the given 

m a t e r i a l . I t i s an e l e c t r i c a l property of matter t h a t has an 

enormous range o f v a l u e s . 

I t should be noted t h a t both the magnitude of c o n d u c t i v i t y and 

the nature o f conduction can e s s e n t i a l l y change according to the 

temperature and the s t r u c t u r e o f the m a t e r i a l . I t i s obvious t h a t when 

the c o n d i t i o n changes, the nature of conduction o f a given m a t e t i a l may 

change too. 

The type of c o n d u c t i v i t y can be determined from measurements 

of t r a n s p o r t numbers, which are r e l a t e d to the H a l l constant or the 

t h e r m o e l e c t r i c c o e f f i c i e n t . 

I o n i c s o l i d s a t room temperature u s u a l l y have very low 

c o n d u c t i v i t y f o r the motion o f ions through the c r y s t a l . 

The b a s i c t h e o r e t i c a l e x p r e s s i o n f o r a l l mechanisms of conduct­

i v i t y i s given (44) a s , 

V 
a = y f z^e n^ (2.25) 
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a = c o n d u c t i v i t y (ohm m ) 
z. = 1 charge o f the c u r r e n t c a r r i e r (e) 
e = modulus of the e l e c t r o n i c charge (1.602 X lo" 
n = i c a r r i e r d e n s i t y 

^ i = m o b i l i t y , 2 - 1 - 1 
(m V s ) 

The t o t a l c o n d u c t i v i t y i s u s u a l l y found by summing i f o r a l l t h e v a r i o u s 

mechanisms. Therefore f o r any mechanism z, n, y must be known. T h e i r 

determination v a r i e s according to the c l a s s o f the mechanism in v o l v e d . 

The b a s i c types of conduction are : 

1. E l e c t r o n Conduction : I n t h i s conduction the c a r r i e r s are elementary 

n e g a t i v e l y charged p a r t i c l e s , i . e . e l e c t r o n s o r p o s i t i v e l y charged 

p a r t i c l e s , i . e . h o l e s ( m e t a l l i c or semiconductor type n or p) . 

2. I o n i c Conduction : I n t h i s conduction the c a r r i e r s a r e i o n s , i . e . 

the p a r t s o f molecules ( d i e l e c t r i c ) . Therefore the flow o f the c u r r e n t 

through t h e m a t e r i a l i s accompanied by e l e c t r o l y s i s . I t takes p l a c e 

by p a s s i n g ions from one u n i t c e l l i n t o another. The i o n must overcome 

a c e r t a i n energy b a r r i e r each time i t penetra,tes and passes a s t r u c t u r a l 

element o f the s o l i d . The c o n d u c t i v i t y formula 

CT = exp 
-E o 
kT (2.26) 

covers a l l the conduction mechanism which are being considered. 

The e l e c t r o n i c and i o n i c conduction mechanisms are d i v i d e d i n t o 

four fundamentally d i f f e r e n t c l a s s e s as follows 

1. i n t r i n s i c i o n i c 

2. e x t r i n s i c i o n i c 

3. i n t r i n s i c e l e c t r o n i c 

4. e x t r i n s i c e l e c t r o n i c 
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I n eqn. 2.25 t h e magnitude of 'z 'for e l e c t r o n s and h o l e s i s 

u n i t y but f o r ions i t depends on the valence s t a t e . 

The c a l c u l a t i o n o f c a r r i e r d e n s i t y , n , v a r i e s from one mechanism 

t o another. I n the i n t r i n s i c i o n i c mechanism the c a r r i e r d e n s i t y w i l l 

be equal to the d e n s i t y o f ions i n the l a t t i c e . I n the e x t r i n s i c i o n i c 

mechanism the c a r r i e r d e n s i t y may be determined by chemical a n a l y s i s . 

The i n t r i n s i c e l e c t r o n i c c a r r i e r d e n s i t y may be c a l c u l a t e d u s i n g 

the standard equations d e r i v e d from s o l i d s t a t e p h y s i c s . I n the case 

o f a d i e l e c t r i c , the m a t e r i a l i s assumed to be a wide band gap semiconductor. 

I n i n t r i n s i c behaviour the number o f e l e c t r o n ^ n^, i s equal to the number 

o f h o l e s , n^. I n i t i a l l y , i t i s assumed t h a t the e f f e c t i v e masses of 

e l e c t r o n s and h o l e s a r e equal to t h e i r r e s t mass ; then (36) the 

co n c e n t r a t i o n o f e l e c t r o n s or h o l e s may be w r i t t e n as , 

3/2 
2TrM kT 

h^ - ^ (2.27) 

where n = c o n c e n t r a t i o n of e l e c t r o n s i n the conduction band (m~^) 

n^ = c o n c e n t r a t i o n o f holes i n the valence band (m""̂ ) 

M = r e s t mass of the e l e c t r o n (9.108 x lo"'^''' kg) 

k = Boltzmann's cons t a n t (1.38 x lo"'^ J k"''") 

T = absolute temperature (k) 

h = Planck's constant (6.625 x lo""^'* J s ) 

= energy gap (eV) 

I t can be s i m p l i f i e d a s . 

"e ^ \ = 5 ^ 1 0 ^ ^ ( T ) ^ / ^ e x p ( - ^ ) m"̂  (2.28) 
2kT 
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and the c o n d u c t i v i t y a l s o i s giv e n by. 

const. exp 
- (E - E ) c v 

kT 
(2.29) 

where a. = i n t r i n s i c c o n d u c t i v i t y m 

E = energy o f conduction band 

E = energy of valence band 
V 

F i n a l l y , i n the e x t r i n s i c e l e c t r o n i c mechanism the c a r r i e r 

d e n s i t y depends on the co n c e n t r a t i o n of the i s o l a t e d energy l e v e l s and 

t h e i r s t a t e s of i o n i s a t i o n . The de n s i t y of the energy l e v e l s i s d i r e c t l y 

r e l a t e d to the c o n c e n t r a t i o n o f the defect which causes them ; each 

d e f e c t w i l l g i v e r i s e to an energy l e v e l (45) . The s t a t e o f i o n i s a t i o n 

w i l l depend on the energy l e v e l , bandgap s e p a r a t i o n and temperature. 

For measuring e l e c t r o n i c m o b i l i t y i t i s assumed t h a t the hole 

and e l e c t r o n m o b i l i t i e s a r e equal ; the c a l c u l a t i o n of m o b i l i t y , y can 

be made by measuring of H a l l e f f e c t i n the m a t e r i a l . I n order to measure 

i o n i c m o b i l i t y , use i s made of the E i n s t e i n expression (39,46), i . e . 

D Ze 
kT 

(2.30) 

2 - 1 

where D i s the d i f f u s i o n c o e f f i c i e n t (m s ) which r e l a t e s t o s p e c i f i c 

i o n s , and the other q u a n t i t i e s are as defined p r e v i o u s l y . 

I n some m a t e r i a l s the c o n d u c t i v i t y takes p l a c e w i t h both e l e c t r o n s 

and i o n s . The r a t i o between e l e c t r o n and ion c o n d u c t i v i t y depends on the 

temperature and the chemical composition of the m a t e r i a l . 
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2.7 DEFECTS IN CRYSTALS 

Defects i n the c r y s t a l s t r u c t u r e may cause i s o l a t e d energy 

l e v e l s and as mentioned before these i s o l a t e d l e v e l s i n c r e a s e the 

e x t r i n s i c e l e c t r o n i c mechanism of conduction. Therefore, e s s e n t i a l l y 

the i n v e s t i g a t i o n o f d e f e c t conduction i n c r y s t a l s t r u c t u r e s i s r e q u i r e d . 

Mott and Gurney (47) have suggested that, there are only two 

ways of s i t e s , 1 - Schottky d e f e c t v a c a n c i e s , or 2 - F r e n k e l defects 

i n t e r s t i t i a l i o n s . I n the f i r s t one i t i s c r e a t e d by t r a n s f e r r i n g an 

atom from a l a t t i c e s i t e to the s u r f a c e of the c r y s t a l and making a new 

l a y e r of c r y s t a l l a t t i c e . I n i o n i c c r y s t a l s , i t i s u s u a l l y favourable 

e n e r g e t i c a l l y to form roughly equal numbers of p o s i t i v e and negative 

i o n v a c a n c i e s . The formation of such p a i r s of v a c a n c i e s keeps the c r y s t a l 

e l e c t r i c a l l y n e u t r a l . The number of created v a c a n c i e s , n i s given by, 

n = N exp E 
2kT (2.31) 

where N = t o t a l number of atoms i n u n i t volume of c r y s t a l 

E = energy of formation of vacancy 

The presence of Schottky d e f e c t s i n c r e a s e s the volume of the 

c r y s t a l . 

I n the second case ( F r e n k e l defects) i n which an atom i s 

t r a n s f e r r e d from a l a t t i c e s i t e to an i n t e r s t i t i a l p o s i t i o n i n the 

l a t t i c e , i t s p o s i t i o n i s not normally occupied by any other atoms. 

Ther e f o r e , the number of atoms which l e f t t h e i r p o s i t i o n , n i s given 

by, 

• 2kT (2.32) 
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where N = t o t a l number of atoms i n unit volme of c r y s t a l 
N' = t o t a l number of possible i n t e r s t i t i a l position 
E = energy required to take an atom from i t s position 

These defects can occur i n any part of the c r y s t a l ; and are 

mobile (with different mobility) which causes conductivity i n the 

homogeneous l a t t i c e . I t i s concluded that part of the conductivity 

i s due to motion of these defects i n the material, and t h i s represents 

another type of conduction mechanism. 

2.8 IMPURITY C0NDUCTIC9J 

Impurity conduction i n materials has been studied by Mott and 

Twose(4a) and Mott (49) . The basic idea i s different i n that i t i s 

assumed that electrons occupy the donor levels and holes also occupy 

acceptor l e v e l s . Mott and Twose pointed out that charge transport can 

occur by tunnelling from an occupied donor l e v e l to an adjacent vacant 

donor l e v e l . Alternatively, charge transport may proceed by excitation 

of the localized electron over the potential b a r r i e r which separates i t 

from an adjacent vacant s i t e . This process can be called impurity 

conduction. 

Impurities have a double effect on the conductivity of c r y s t a l s . 

F i r s t l y , they represent a source of highly mobile ions with low activation 

energy and therefore increase by many times the conductivity of such 

c r y s t a l and secondly they weaken the c r y s t a l l a t t i c e and f a c i l i t a t e the 

movement of l a t t i c e ions. 

2.9 FREQUENCY DEPENDENCE OF THE CONDUCTIVITY 

Thermally activated hopping i n a high density of l o c a l i s e d 

states has been examined by Mott (50) and Mott and Davis (51) . This 

idea has also been suggested by Pollak (52) and Pollak and Geballe (53). 

They proposed that the transport of e l e c t r i c charge occurs by electron 
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hopping between those states which are localized, surrounding acceptor 
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 
c a r r i e r are assumed to be independent of each other. The hopping 
probability i s given by, 

2 
(i) T 

1 + to T (2.33) 

where, T i s the mean time which i s taken to jump (jumping time) . 

They also suggested that in order to compensate the impurity 

(which must be an o r i g i n a l feature of impurity conduction) i t i s necessary 

that some of the localized states be vacant. 

The coulombic potential between states may be altered by thermal 

energy. However, i t can be changed by an applied e l e c t r i c f i e l d , 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 i s related to the hopping time and also to the 

distance of separation of two s i t e s . 

Hopping conduction cannot produce a large amount of conductivity 

but the introduction of some impurities can increase i t s i g n i f i c a n t l y 

and i t gives major contribution to the a.c. conductivity at low tempera­

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

(51) 
V 

when - E - » 1 and v^^ = 10^^ Hz can be represented by 

a ( u ) = 
12 

e^ kT N ( E ^ ) ^ r Ln 
T 4 

(2.34) 

where a represents the effective radius of the electronic wavefunction, 

"ph a c h a r a c t e r i s t i c phonon frequency, N (E ) i s the densi ty 
of states with energy near the Fermi l e v e l and the other symbols have theii 
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usual meanings. The main c o n t r i b u t i o n to the c o n d u c t i v i t y comes from 
1 p a i r s w i t h a spacing between atoms of the order o f 2a ( t h i s arises 

by t a k i n g the average over R where R = hopping d i s t a n c e ) . Since 

Ln holds i n eqn. 2 . 3 4 , over a large frequency 

range eqn.2.34 may be approximated (54) by the em p i r i c a l r e l a t i o n . 

a (03) = A to ( 2 . 3 5 ) 

w i t h n = 0.8 

S i m i l a r equations have been found by other t h e o r e t i c i a n s , Pollak (55), 

A u s t i n and Mott (56) Jonscher (57) and others (58-59). I n eqn. 2 . 3 4 

Mott and Davis (51) suggested t h a t . 

a = 2 m AE 
( 2 . 3 6 ) 

where m = e f f e c t i v e mass of the charge c a r r i e r 

AE = bandwidth o f the l o c a l i z e d s t a t e s . 

o f . 

where 

The c o n d u c t i v i t y can be expressed by the general r e l a t i o n (59) 

a (to) = ' a + 
dc 

a (to) a 0) 
ac 

a((jo) 
ac 

( 2 . 3 7 ) 

( 2 . 3 8 ) 

a i s frequency independent at low frequency and a << a oc (3c ac 
I f , i n hopping conduction hops occur w i t h approximately f i x e d 

frequency or the frequency o f the applied e l e c t r i c f i e l d i s very much 

greater than the hopping frequency, then the conduction w i l l be frequency 

independent (58). 
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Pollak and Pike (60) i n the study of conductivity of glasses 

have noticed that the exponent, n, varies with temperature. Also, Moore 

(58) showed that n i s temperature dependent ; at low temperature i t i s 

near unity and as the temperature increases i t becomes progressively 

smaller. 

The variation in the values of n in eqn. 2.38 are controlled 

e n t i r e l y by multiple-hopping processes. Values of n close to unity are 

obtained when successive hops of the c a r r i e r occur with markedly 

different hopping frequencies, while values of n near zero are obtained 

either when successive hops occur with approximately the same hopping 

frequency or when the frequency of the applied f i e l d i s greater than 

the hopping frequencies. 

The component of the hopping conduction can be e a s i l y 

distinguished from that of ionic and electronic by measuring the frequency 

dependence of conductivity (61). 

2,10 TEMPERATURE DEPENDENCE OF CONDUCTIVITY 

I t has been noted before that the impurity contributes to the 

conduction. The experimental r e s u l t s are usually well approximated by 

the formula, 

-E. 
a = exp I f l 

kT + exp 2 
kT (2.39) 

where the f i r s t term with a high energy, E^, i s related to the l a t t i c e 

ions the second term with lower energy and, E^, i s related to impurity 

ions. However, the separation of eqn. 2.39 into two terms i s reasonable, 

because,at high temperatures,when the movement of l a t t i c e ions i s pronounced 

and small numbers of impurity atoms do not have any appreciable effect on 

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

the number of matrix ions even at low impurity contents. I t i s true to 

say that at s \ i f f i c i e n t l y high temperatures,a represents the e l e c t r i c a l 
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c o n d u c t i v i t y o f the l a t t i c e and at low temperatures the e l e c t r i c a l 
c o n d u c t i v i t y i s only due t o i m p u r i t i e s . 

The temperature dependence o f the e l e c t r i c a l c o n d u c t i v i t y i s 

u s u a l l y represented by eqn. 2.39. Pollak ( 5 2 ) has pointed out t h a t 

the frequency dependence o f hopping c o n d u c t i v i t y becomes weakened a t 

the higher temperatures and i t i s proposed t h a t m u l t i p l e hops can account 

f o r these phenomena. 

I t i s experimentally observed t h a t the more pronounced tempera­

t u r e dependence i s always associated w i t h a weakened frequency dependence 

on higher temperatures. An increased temperature dependence and a 

decreased frequency dependence always occur together. 

2 . 1 1 HOPPING MODELS ; THE JONSCHER THEORY 

The conduction mechanism i n d i e l e c t r i c m a t e r i a l s i s due t o the 

e l e c t r o n i c and i o n i c hopping through the s o l i d . Jonscher ( 6 2 - 6 3 ) has 

shown t h a t the hopping mechanism s i m i l a r l y t o e l e c t r o n i c and i o n i c 

conduction, has a c h a r a c t e r i s t i c o f frequency dependence, and t h e r e f o r e , 

over the frequency range o f i n t e r e s t several mechanisms o f p o l a r i z a t i o n 

can occur i n d i f f e r e n t kinds o f ma t e r i a l s . These p o l a r i z a t i o n s may be 

due t o permanent or induced d i p o l e o r hopping electrons or ions w i t h i n 

the m a t e r i a l and they are frequency dependent. 

The hopping mechanism was suggested f o r the f i r s t time by 

Polla k and Geballe ( 5 3 ) . They measured the c o n d u c t i v i t y o f n-type s i l i c o n 

c o n t a i n i n g various kinds o f i m p u r i t i e s and observed t h a t the magnitude o f 

the measured a.c. c o n d u c t i v i t y was l a r g e r than the measured d.c. conduct­

i v i t y ; they a t t r i b u t e d t h i s t o p o l a r i z a t i o n caused by hopping processes. 

These p o l a r i z a t i o n mechanisms may be considered fundamentally i n terms o f 

the Debye s u s c e p t i b i l i t y X((JJ) , which i s due t o r o t a t i n g dipoles or 

l o c a l i z e d i o n i c charges and i s a f u n c t i o n of frequency. The s u s c e p t i b i l i t y 
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i s complex and can be expressed as 

X(to) X' (to) - j X" (to) 
1 + j CO T 

(2.40) 

where T i s the relaxation time and i s the reciprocal of the natural 

hopping frequency i n the absence of any external e l e c t r i c f i e l d ; (T 

may be temperature dependent) ; to i s the angular frequency ; X' (to) and 

X" (to) are the r e a l and imaginary parts of the Debye s u s c e p t i b i l i t y . 

The right-hand side of eqn. 2.40 can be divided into real and 

imaginary parts as follows : 

X' (to) - j X" (oj) 0) T 
1 + t O ^ 1 + (0^ 

(2.41) 

I d e a l l y the imaginary part of the s u s c e p t i b i l i t y , i . e the d i e l e c t r i c 

loss i s equal to 

X" (to) to T 

1 + (0 T 
(2.42) 

Examination of eqn. 2.42 shows that there w i l l be a maximum when OJT = 1 

which corresponds to a peak loss whose width at half-height i s equal to 

1//~T times the peak height. In r e a l d i e l e c t r i c materials, however, 

the majority show much broader peaks. This type of loss can be represented 

i n empirical form (64-65) by 

-m / V 1-n 
/ to I 

+ f — I (2.43) 
x " ( ( . ) • • 

In this equation to^ and to^ are dependent on temperature and both 

exponents m, and 1-n, are smaller than unity. I t i s found that the 

behaviour of many d i e l e c t r i c materials i n which the polarization i s due 
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to hopping conduction o f ions or e l e c t r o n s , the loss i n the m a t e r i a l , 
(and consequently the conduction), i s described by the second term of 
eqn.2.43. 

The d i e l e c t r i c response o f a wide range o f m a t e r i a l s shows t h a t 

the observed behaviour departs s t r o n g l y from the Debye response and i t 

f o l l o w s a "Universal d i e l e c t r i c response law", i n which the d i e l e c t r i c 

loss f o l l o w s the e m p i r i c a l law 

X" (o)) <̂  0)" ^ (2.44) 

where the exponent n, l i e s i n the range o< n< 1 w i t h t y p i c a l values 

between 0.6 and 0.95, I t has been shown t h a t both the Debye and the 

"Universal Response" may be caused by e i t h e r d i p o l a r or by hopping 

charge mechanisms. 

The r e l a t i o n s h i p o f X" (to) w i t h frequency implies t h a t the r e a l 

p a r t o f X(to) must have the same frequency dependence, i . e . 

X' (to) cc 0)"^"^ (2.45) 

There i s an important r e l a t i o n s h i p between X" (w) and X'(to) . The r a t i o 

of the imaginary t o r e a l p a r t s o f the s u s c e p t i b i l i t y , X(a)) i s independent 

of frequency (40) i . e . 

™ = c * , t I , (2.46) 
X' (to) 

This r e l a t i o n s h i p i s known as the Kramers-Kronig equation and represents 

the "Universal Law" of d i e l e c t r i c behaviour. I t has a very simple 

s i g n i f i c a n c e , namely t h a t 

f 

Energy l o s t per cycle 
2 . i — — £ i — = const = cot 

Energy stored per cycle 
mr 
2 

(2.47) 
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This behaviour should be compared w i t h the Debye r e l a t i o n s which shows 
t h a t the r a t i o obtained by d i v i d i n g the imaginary and r e a l p a r t of 
Bqn. 2.41 i s equal aiT. I n co n t r a s t Eqn. 2 . 4 6 has i t s basis i n the non-
Debye p o l a r i z a t i o n , and t h i s k i n d of p o l a r i z a t i o n has been found experi­
mentally t o be a p p l i c a b l e t o a l l kinds of m a t e r i a l s . 

The i n t e r p r e t a t i o n of the complex d i e l e c t r i c p e r m i t t i v i t y by 
* 

considering the "Universal Law" may be expressed by e (to) , which i s a 

f u n c t i o n of frequency, by w r i t i n g i t i n re a l and imaginary p a r t s : 

e (to) = e ' (oj) - j £" (to) 

= e + a ( j a))""-"-

+ a sm 
mr 
—• \ - j cos 

2 

nir n - 1 

(2 .48 ) 

(2 .49 ) 

(2 .50 ) 

where i s the l i m i t i n g p e r m i t t i v i t y , i . e . the p e r m i t t i v i t y a t high 

frequency, and o <n< 1 ; the constant (a) determines the strength of 

the p o l a r i z a t i o n . The c h a r a c t e r i s t i c -feature of t h i s "non-Debye" or 

u n i v e r s a l r e l a t i o n s h i p i s t h a t the r a t i o of the imaginary t o the r e a l 

p a r t of the d i e l e c t r i c s u s c e p t i b i l i t y i s independent of frequency. 

That i s , 

e" (w) 
e' ( to)-e cot mr 

2 ( 2 . 5 1 ) 

This i s i n contrast w i t h the Debye d i i x i l a r behaviour of Eqn.2.18 where 

t h i s r a t i o i s equal t o tox. 

I n most m a t e r i a l s the c o n d u c t i v i t y has usually been found t o be 

also a f u n c t i o n of frequency and i t s rjenc-rol form l.ri, (5'jj , 

a(tj) a + a (ui) o ac (2 .52 ) 
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where a i s the d.c. conductivity and 0 (co) i s the true a.c. conduct-
o ac 

i v i t y . The d.c. component has a high activation energy and experi­

mental evidence shows that the temperature dependence becomes progress­

i v e l y l e s s with increasing frequency, ( 5 2 ). There i s no correlation 

between the values of a and o (to) for various materials. The a.c. 
o ac 

conductivity, o (to), i s also temperature dependent, the dependence 

again becoming l e s s at high frequencies. Also, there i s no evident 

correlation between the magnitudes of d.c. and a.c. components of 

conductivity, although a (o)) has a weaker temperature dependence than 
a . 
o 

I t has also been mentioned that the conductivity increases at 

high impurity concentrations ( 5 5 ) . 
The Eqn. 2 . 52 can be written i n the form of 

a (to) = " ^" ̂ '^^ ( 2 . 5 3 ) 

where the dispersion obeys the relation 

e" (a))<x e' (to) « J^''^ ( 2 .54 ) 

and consequently only o^^(oo) follows the relationship 

^ '^^(w) ( 2 . 5 5 ) 

This dependence of conductivity with frequency i s not only found in 

disordered, glassy and amorphous solids but also in ordered molecular 

sol i d s i n which the c a r r i e r s involved can be electrons, polarons,protons 

or ions (66). 
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The exponent n i n Eqn, 2.55 i s close t o u n i t y (67). 

This "Universal Law" was f i r s t suggested by Pollak and Geballe. 

L a t e r , Jonscher (62,65-68) pointed b u t t h a t , n i n f a c t i s not a constant 

but depends on temperature. At low temperature i t approaches u n i t y 

and as the temperature increases the magnitude o f n, decreases and 

approaches 0,5 or even l e s s . I f n i s equal t o u n i t y , the l o s s , e", w i l l 

be independent of frequency. This i s t r u e i n q u i t e a wide range of 

ma t e r i a l s i n which the loss i s not a f u n c t i o n o f frequency, Pollak and 

Pike (60) have also shown t h a t the c o n d u c t i v i t y of many glasses i s due 

t o i o n i c hopping, and the r e l a t i o n 2.55 i s a very general law, not con­

f i n e d t o any p a r t i c u l a r host m a t r i x , type o f c a r r i e r , o r type o f d i s ­

order. However, i n many m a t e r i a l s i t i s not c e r t a i n whether the observed 

behaviour should be i n t e r p r e t e d by hopping mechanism o r d i p o l a r . 

The hopping model was introduced f o r the f i r s t time by Conwell 

and F r i t z s c h e (69-70). According t o t h e i r model, the t r a n s p o r t occurs 

by e l e c t r o n s , holes or ions , hopping between l o c a l i z e d s t a t e s , which are 

e s s e n t i a l l y l o c a l i z e d around acceptors or donors a t the p o s i t i o n s o f 

p a r t i c u l a r i o n cores. Such an e l e c t r o n or ion can hop from i t s o r i g i n a l 

s i t e t o another s i t e w i t h the same energy (52-53,56,63,71). Therefore 

d i f f u s i o n o f electrons i n t o the c r y s t a l i s established and t h i s d i f f u s i o n 

can be d i r e c t e d by applying an e l e c t r i c f i e l d ; a l l electrons w i l l t r a n s ­

p o r t along the p o s i t i v e d i r e c t i o n of f i e l d gradient. The p r o b a b i l i t y 

of hopping o f electrons or ions i s strongly dependent on temperature 

(52) . 

At low temperatures the l a t t i c e v i b r a t i o n i s n e g l i g i b l e while 

a t high temperatures the l a t t i c e v i b r a t i o n i s strong and consequently 

the hopping p r o b a b i l i t y increases exponentially. 

Any of these hoppings must have a d i s t r i b u t i o n o f hopping 

parameters and the most important i s the d i s t r i b u t i o n o f centres which 
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may make possible m u l t i p l e hopping i n the m a t e r i a l (72). For instance, 

one important parameter i n f l u e n c i n g the hopping mechanism i s the 

temperature. 

I f we consider an e l e c t r o n o r a hole jumping between two 

l o c a l i s e d states a t a c e r t a i n r a t e , the f o l l o w i n g statement w i l l hold. 

By applying a low frequency f i e l d , much lower than the jumping r a t e , the 

e q u i l i b r i u m o f the sta t e s are established much f a s t e r than the period 

o f applied f i e l d . So the p o l a r i z a t i o n w i l l be in-phase w i t h the applied 

f i e l d and there w i l l be no energy l o s s . Obviously, as the frequency 

increases, the chance o f keeping the p o l a r i z a t i o n in-phase w i t h the f i e l d 

decreases and consequently the magnitude of the p o l a r i z a t i o n decreases. 

I t i s c l e a r t h a t t h i s decrease w i l l not be a t a f a s t e r r a t e than corres­

ponds t o an inverse p r o p o r t i o n a l i t y w i t h frequency, i . e . p r o p o r t i o n a l 

t o the ra t e o f change o f frequency (52,53,56,73). 

2.12 CONCLUSIONS 

Examination of possible p o l a r i z a t i o n mechanisms which can take 

place i n mate r i a l s and also o f the d e f i n i t i o n o f complex d i e l e c t r i c 

constant and i t s r e l e v a n t e l e c t r i c a l p r o p e r t i e s shows how the components 

of the complex d i e l e c t r i c constant, i . e . e ' and e" are r e l a t e d t o the 

p o l a r i z a t i o n mechanisms. 

The study of the frequency dependent complex d i e l e c t r i c constant 

p r e d i c t s t h a t according t o the p o l a r i z a t i o n mechanism, e' depends i n v e r s e l y 

on frequency but e" i s d i r e c t l y p r o p o r t i o n a l t o i t . These are shown i n 

Fi g . 2.6. 

Debye has found a r e l a t i o n between E', e" and frequency and 

deduced a rep r e s e n t a t i o n o f e ' and e" by a complex diagram. 

There i s l i t t l e t h e o r e t i c a l work on the temperature dependence 

of e' i n hopping systems. An i n t e r p r e t a t i o n has been given i n terms o f 

thermal expansion and p o l a r i z a b i l i t y o f the p a r t i c l e i n the m a t e r i a l . 
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The c l a s s i c a l conduction mechanisms and t h e i r corresponding 
classes have been s t u d i e d merely t o review a l l possible mechanisms. 
The basic idea o f the hopping conduction mechanism was introduced by 
Poll a k and Geballe, then l a t e r Mott and other t h e o r e t i c i a n s developed 
t h i s e l e c t r i c a l conduction model. I n recent years the theory of the 
"Universal Law" i n ma t e r i a l s has been considerably developed by 
Jonscher. He examined t h i s model on many d i f f e r e n t types o f m a t e r i a l 
w i t h various p r o p e r t i e s . He found t h a t the Universal Law i s i n s e n s i t i v e 
t o the p h y s i c a l and chemical p r o p e r t i e s of the d i e l e c t r i c m a t e r i a l and 
to the predominant p o l a r i z a t i o n mechanism which may be d i p o l a r or may 
be hopping charge c a r r i e r s , electrons or ions ; t h i s theory can be 
ap p l i c a b l e f o r any d i e l e c t r i c m a t e r i a l . 

The review of previous studies of conduction i n magnesium oxide 

showed t h a t i t s conduction mechanism has not yet been discussed i n terms 

of a hopping model. I n t h i s p r o j e c t such an attempt has been made i n 

order t o examine the a p p l i c a b i l i t y o f the Universal Law f o r pure MgO 

and also MgO doped w i t h i r o n or chromium. I n order t o study the d i e l e c t r i c 

p r o p e r t i e s o f these c r y s t a l s over a wide range of frequency, four d i f f e r e n t 

techniques were u t i l i z e d . 
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CHAPTER 3 

EXPERIMENTAL METHODS 

3,1 INTRODUCTICaj 

I n order t o determine the d i e l e c t r i c p r o p e r t i e s o f s o l i d 

m a t e r i a l s over a wide range o f frequencies, i t i s necessary t o use 

d i f f e r e n t measurement methods. Each method i s s u i t a b l e only f o r the 

appropriate range o f frequencies. 

At low frequencies (500 Hz-50 kHz) bridge techniques are most 

appropriate and s u i t a b l e f o r precise measurements o f the r e a l component 

of d i e l e c t r i c constant and c o n d u c t i v i t y . I t gives d i r e c t readings, the 

r e s u l t s are repeatable and the accuracy i s high. 

At high frequencies, i . e . 100 kHz - 30 MHz the measurements 

can s t i l l be c a r r i e d out using a standard Q-meter. Above t h i s frequency 

range although w i t h i n the Q-meter c a p a b i l i t i e s the measurements become 

more d i f f i c u l t t o c a r r y out and the accuracy o f the r e s u l t s i s i n question. 

The procedure of measuring i s the same as i n bridge technique but w i t h 

less p r e c i s i o n because o f the inconsistency of assembly. 

As the frequency i s increased f u r t h e r t o 500 MHz - 7.5 GHz range, 

the standing wave methods become more s u i t a b l e . I t i s not an easy 

technique,the r e s u l t s are d i f f i c u l t t o repeat, the components used must 

be p r e c i s i o n made and the accuracy of the instruments must be high. 

At very high frequency, i . e . microwaves around 9 GHz, due t o 

short wavelengths involved a l l the above methods are inappropriate and 

c a v i t y resonator method must be used. I t gives very accurate r e s u l t s 

since there i s no need t o p o l i s h the samples or change i t s p o s i t i o n 

w i t h i n the c a v i t y . 

The specimens were grown by e l e c t r o f u s i o n 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 1.1. The concentrations 

were determined by X-ray or chemical analysis. The specimens were in the 

form of thin square plates of d i f f e r i n g size for each technique. Making 

the surfaces of the samples p a r a l l e l and smooth was a d i f f i c u l t task and 

i t 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 

The d i e l e c t r i c properties of the magnesium oxide, MgO, were 

examined at low frequencies. As Mungall (74) has noted i t i s conventional 

to measure the capacitance, C, and the conductance, G, of the sample which 

i s held between a pair of micrometer electrodes, so designed that the 

stray capacitance i s minimized. 

In the present experiment the measurements of d i e l e c t r i c constant 

and the loss tangent (and consequently the a.c. conductivity) were made 

using a Wayne-Kerr bridge (Type-B224) over the frequency range from 

500 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 e l e c t r i c a l 

contact over a well defined area between the c r y s t a l and the electrodes 

of the d i e l e c t r i c t e s t j i g . Gough and Isard (75) have mentioned possible 

errors due to coated electrodes on the surface of the sample and they 

found that i t i s necessary for elimination of any a i r 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 c r y s t a l 
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whose extent must be at l e a s t twice the specimen thickness, causes an 
edge capacitance f o r which a c o r r e c t i o n must be made. This c o r r e c t i o n 
term has been considered by Scott and Curtis ( 7 7 ) l a t e r . 

3.2.2. P r a c t i c a l Arrangement and Procedures 

3.2.2.1 Room Temperature 

I n the bridge technique, f o r measurements at room temperature 

a s u b s t i t u t i o n method i s u s u a l l y employed. The measuring j i g as shown 

i n Fig.3.1 was f i x e d i n s i d e a m e t a l l i c box i n order t o provide the sample 

w i t h a high degree o f e l e c t r i c a l s h i e l d i n g . The balance of the bridge 

was f i r s t obtained w i t h o u t the specimen being present. This removes 

the e f f e c t of any r e s i d u a l capacitance and conductance. Then the 

specimen was i n s e r t e d between the electrodes and the bridge rebalanced 

and the capacitance and conductance of the sample were obtained d i r e c t l y . 

The components o f the complex d i e l e c t r i c constant (e') loss 

tangent, (Tan 6) and c o n d u c t i v i t y (a) of the sar.iple were then deduced 

(78,79) from the equations : 

C_ 
C (3.1) 

0(0)) = ^ . G (3.3) 

^o = ^o- I (3.4) 

where C = capacitance of sample (pF) 

= capacitance o f same electrodes w i t h a i r (pF) 

tii = angular frequency (Rad s "*") 
d = thickness of sample (cm) 
A = area o f electrodes (cm^) 
Eq = p e r m i t t i v i t y of free space = 8.854 x lo""*"^ (F cm"''') 
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At l e a s t three measurements were made on each sample and care 

was taken t o dry the sample thus e l i m i n a t i n g any e f f e c t due t o moisture. 

The frequency generator used was a J3B Gould Advance s i g n a l generator 

whose s t a b i l i z e d output was applied across the sample and connected t o 

the b r i d g e . 

For convenience the samples were cut i n the form of a square 

as shown i n Fig.3.1 and some extended beyond the c i r c u l a r j i g electrodes. 

A c o r r e c t i o n f o r the edge e f f e c t s was therefore necessary (80) i n which 

i t was assumed t h a t the thickness of the gold evaporated layer i s very 

small i n comparison t o the thickness o f the sample. The c o r r e c t i o n 

formula f o r the edge e f f e c t s w i t h c i r c u l a r electrodes o f the same diameter 

due t o Scott and C u r t i s was used (77) , i . e . 

1.113 D I ^ 8Tr D , . ^ Q = _ ^ Ln — — - 3 } yyF (3.5) 
8TT 

where D = diameter o f each electrode i n centimetres. 

d = thickness o f the sample (distance between the inner faces o f 

the electrodes) i n centimetres. 

The Eqn. 3.1, which gives the d i e l e c t r i c constant of the sample has now 

been modified t o 

. - c 
^ ~ C + C (3.6) 

o e 

Since i n the capacitance measurement o f the sample the st r a y 

capacitance due t o the electrodes i s included i n the measured value, 

another c o r r e c t i o n f a c t o r i s needed before the true capacitance of the 

sample, C, can be determined. 

The equivalent c i r c u i t o f a sample has been discussed by many 

authors (39,81) and i t i s usual t o adopt the form i l l u s t r a t e d i n Fig.3.2a. 
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I n t h i s equivalent c i r c u i t the sample i s represented by a capacitance, 
C, shunted by a resistance R which represents the loss i n the sample. 
These q u a n t i t i e s represent the t r u e values of capacitance and resistance 
o f the sample and they can be derived from measured q u a n t i t i e s ; i n 
general they may vary w i t h temperature and frequency. For a more d e t a i l e d 

analysis l e t C be the s t r a y capacitance associated w i t h the electrodes 
s 

and connecting cc±)les. This capacitance i s assumed t o be p a r a l l e l w i t h 

C as shown i n Fig 3.2b. 

The inductance has been omitted since the performance i s being 

measured a t low frequency and i t s e f f e c t was considered i n s i g n i f i c a n t . 

I t i s also assumed t h a t the leakage admittance i s eliminated by the use 

of a c o r r e c t i o n f a c t o r f o r the edge e f f e c t s (76) . 

On t h i s basis the t o t a l capacitance, C^, measured by the bridge 

when the sample i s placed between the electrodes i s given by : 

= C + (3.7) 

I n the next stage, when the sample i s removed from between electrodes, the 

capacitance of a i r , C , i s measured ; i t is given by 
3. 

a o s ( j . o ) 

where i s the t h e o r e t i c a l capacitance of a i r . By s u b s t i t u t i o n f o r 

from Eqn. 3.8 and Eqn. 3.7, the capacitance of the sample i s then given 
C 
s 

by : 

^ t ^a ^o (3.9) 

I n t h i s equation and are measurable q u a n t i t i e s and i s found 

by c a l c u l a t i o n , so the net capacitance of the sample, i . e . C can be found. 
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Q) 

FIG.3.2 EQUIVALENT CIRCUITS OF DIELECTRIC 
SAMPLE. 
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3.2.2.2 High Temperature 

I n t h i s measurement a two probe method was employed. The 

electrodes were made by evaporating i n i t i a l l y gold on the surfaces of 

the sample and then platinum paste was used to keep the connecting wires 

i n place. 

The apparatus was arranged as shown i n Fig.3.3. I t i s a c y l i n d ­

r i c a l furnace, equipped w i t h on~off type c o n t r o l l i n g u n i t s i n such a way 
o 

t h a t the temperature of the specimen i s kept constant to w i t h i n + 5 C. 

The wires t o the specimen were f i r s t connected by means of a 

mechanical pressure and then the whole assembly was f i r e d i n a furnace 

at 300° C t o get good mechanical and e l e c t r i c a l bonding between electrodes 

and specimen. The other ends of the wires pass through holes i n s i l i c a 

rods and:are connected t o the bridge. 

The temperature of the sample was measured and monitored \ising 

two Pt/Pt 13% Rh, thermocouple wires passing through holes i n a s i l i c a 

rod. 
A l l the measurements were made i n a i r since there i s no r i s k 

o 

of o x i d a t i o n up t o 700 C. The upper temperature l i m i t was so chosen 

t h a t the gold electrodes can not d i f f u s e i n t o the specimen. 

The specimen was surrounded with a s t a i n l e s s s t e e l tube which 

was located i n s i d e and along the furnace. This tube i s used as a s h i e l d 

to p r o t e c t the samples from a l l unwanted signals due t o thermal noise 

or e l e c t r i c a l and other sources e x t e r n a l t o the specimen. 

The measuring procedure was exactly as mentioned i n room 

temperature case. The measurement of capacitance and conductance of 

the a i r gap and the determination of stray capacitance due t o 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 c i r c u i t i s based on the se r i e s 

resonant c i r c u i t . I t s equivalent c i r c u i t i s shown in Fig. 3.4 and 

consists of r e s i s t o r R, inductor L and capacitor C, a l l i n series 

connected to a variable signal generator. Taking R as the total 

internal resistance of the c i r c u i t and L and C as the tot a l inductance 

and capacitance we have at resonance w = ui^ = 2irf^ and so, 

f 
ItfH (3.10) 

Applying a p a r t i c u l a r frequency and on inserting the appropriate 

inductor enables us to resonate the c i r c u i t . Then the magnitude of the 

capacitor C at resonance, corresponding either to when the testing j i g 

i s loaded or unloaded with sample i s measured. I f the testing j i g i s 

connected to the c i r c u i t with the spacing of the electrodes exactly equal 

to the thickness of the sample, the a i r gap capacitance w i l l be C and 
o 

the t o t a l capacitance of the c i r c u i t , i s given by 

^T = ^1 -^^o -^^L (3-11) 

where = the variable capacitor of the Q-meter. 

C = capacitance of the sample holder (electrodes). 
H 

= capacitance of the connecting cables between Q^meter 

and testing j i g . 

Since a l l the above capacitances are constant only the variable capacitor 

causes resonance at the chosen frequency. 
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By replacing the sample between the electrodes, (the sample 

having capacitance C ) , C changes to C„ when resonance occurs. C w i l l 
S i . 2 T 

now be equal to 

S = S ^ ^s ̂  Ĥ ^L (3-^2) 

Equating Eqns. 3.11 and 3.12 yields 

^1 - S = ^s " ^o (3.13) 

The r e l a t i v e permittivity of the sample, neglecting the edge effect, 

e' i s given by 

C3 = (3.14) 

where 

C = s f o o d 

and e = permittivity of the free space o 
' = 8.854 X 10"^'^ (F Cm"-*-) 

2 

A = contact area of electrode with sample (Cm ) 

d = thickness of the sample (Cm) 
Substitution of Eqns. 3.14 in Eqn. 3.13, gives, 

S - S = ^'^o ~ ^o (3.15) 
= C^ (e'-l) 

and then, 

e- = ~ + 1 (3.16) 
C 
o 
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The loss Tan <S values are given by (82,83) 

Q r Q2 S e- • 
tan 6 = — ^ . ~ i — = ' (3.17) 

where and are the Q-value of c i r c u i t with the sample out of and 

i n the testing j i g respectively. 

The effective resistance of the sample at the frequency of the 

t e s t i s given by (82). 

^ 1 ^ 2 1 1 R = ^ , i . -A (3.18) 
Qr ^2 (0 c 

and f i n a l l y the r e a l part of conductivity i s given by (83) 

Re (a) = I . i - (3.19) 

An external e.m.f. with voltage e i s injected at the resonant frequency 

f^. Since at resonance the reactance components of the c i r c u i t are 

equal, i . e . = X„ (where = jLw and X„ = • ^ i - ) the t o t a l impedance L C L C C 0) 

of the c i r c u i t i s 

Z = R + j (Lt^ ~ ^ ) (3.20) 

or simplified to Z = R, which i s a pure r e s i s t i v e component. The current 

through the c i r c u i t a t resonance i s equal to i s the pure r e s i s t i v e 
R 

component of the c i r c u i t . 

The magnification of the c i r c u i t i s defined as , 

Q = I (3.21) 

where X = X^ = X„ at resonance. 
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From relat i o n 3.21 i t can be seen that the Q of the c i r c u i t equals the 

r a t i o of the e.m.f. voltage, V , across one or other of the reactances 
X 

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

Q = ~ (3.22) 
A 

So for the determination of the Q-factor of a resonance c i r c u i t a con­

ventional voltmeter may be connected across the c i r c u i t capacitor and 

t h i s can be calibrated d i r e c t l y in terms of Q. This voltmeter i s located 

on the Q~meter and the Q-value of the c i r c u i t i s read d i r e c t l y from t h i s 

meter. 

3.3.2 Measurements 

In t h i s experiment a l l samples were cut into thin s l i c e s by a 

diamond wheel cutter and then shaped into squares (1 cm x 1 cm) . To 

ensure good e l e c t r i c a l contact c i r c u l a r gold electrodes of 8 mm diameter 

were evaporated on the opposite polished faces. This reduced the contact 

resistances between electrodes and specimen (84). Since some of the 

c r y s t a l extended beyond the c i r c u l a r gold electrodes the measured 

capacitance of sample i s not exactly the capacitance of that part of 

the sample which i s confined by the electrodes. Therefore, due to 

fringing e f f e c t s , an edge correction i s required (77). Thus Eqn.3.16 

jnay be modified to 

"̂ 2 
e' = ~ + 1 (3.23) 

C + C 
o e 

where C^ i s the edge capacitance, (explained i n d e t a i l i n the low frequency. 

Bridge method measurements). The edge effect correction arising in the 

calculation of tan 6 was negligible. 

The thickness of the samples was 0.3 mm, t h i s i s the minimum 
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thickness which can be e a s i l y achieved by the cutting and polishing 

techniques used. The thickness of the gold evaporation i s negligible 

compared with the thickness of the sample. 

The measurements were made i n ai r at room temperature, using 

a standard Q-meter (Marconi TF 1245) and o s c i l l a t o r (Marconi TF 1246) , 

over the frequency range of 100 KHz - 40 MHz. 

The d i e l e c t r i c testing j i g (Marconi TJ 155 C/1) was modified 

using 8mm diameter c i r c u l a r electrodes and was located inside a metallic 

box to ensure good e l e c t r i c a l shielding of the sample. 

The Q-meter i s set to zero and this must be checked immediately 

prior to making each measurement. Then the sample i s inserted between 

the j i g electrodes. A constant inductor, L i s connected across the c i r c u i t . 

Since the applied frequency i s constantly changing a variable capacitor, 

on the Q-meter enables the resonance condition to be located. This 

procedure was repeated when the sample was removed from the j i g electrodes. 

This time the variable capacitor i s , Ĉ .̂ In either case the Q-value of 

the c i r c u i t i s measured by di r e c t reading of Q, which i s indicated on 

the meter. 

The difference in capacity i s function of the d i e l e c t r i c constant 

e' (Eqn. 3.16) and the change i n the magnitude of Q-value i s a function 

pf the loss tangent, (Eqn. 3.17 and of conductivity a (Eqns. 3.18 and 

3.19) . 

Similar measurements were then repeated at different applied 

frequencies. The data was used to derive the d i e l e c t r i c properties and 

conductivity from the Eqns. 3.17 - 3.19 and 3.23. 

I n practice the knowledge of the effective capacitances of 

and C2 i s required and i t i s given by (82) as 

S = ^ind • ~ b (3-24) 1 - 0) LC. , md 
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where C^^^ i s equal to the indicated capacitances C^ and C^ and L i s 

the constant inductor used in the resonant c i r c u i t (C„ = effective 
E 

capacitance). At high frequencies the value of C^ i s s i g n i f i c a n t l y 

different from the indicated value. The value of the effective capaci­

tance C_, may be found from the conversion graphs (82) , In general i t 

i s s u f f i c i e n t to use the value indicated by the tuning capacitor. 

There are two kinds of error i n this experiment. F i r s t those 

related to the o r i g i n a l calibrations or inherent imperfection of the 

Q-meter. These errors w i l l give r i s e to a fixed error in the measure­

ments. The second one a r i s e s from errors in taking the reading for 

each measurement (102). The l a t t e r one can be reduced by increasing 

the number of measurements. 

The error i n e' was about 5 % , d i f f i c u l t i e s in precise re-location 

of the specimen causes some differences in capacitance, which leads to 

variation of e'. 

The error i n Tan 6 i s somewhat higher than e' and i t s estimation 

i s rather d i f f i c u l t , as contributions arise both from errors of capacitance 

reading and Q-value determination. The estimated error in Tan 6 i s about 

16%. Consequently the error for e'' i s estimated at 19%. The experi­

mental error in measuring conductivity i s 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 l i n e technique i s very important since i t can be 

applied to the measurements of complex d i e l e c t r i c constant over a wide 

frequency range at r . f . Measurements were e a s i l y obtained using t h i s 

technique at frequencies between 500 MHz and 7.5 GHz. 

In t h i s method a d i e l e c t r i c sample whose e l e c t r i c a l properties 

are to be found i s placed between the inner and otiter conductors at the 
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end of a coaxial s l o t t e d - l i n e as shown in Fig. 3.5 (a). The permittivity 
of the sample can then be calculated from the measured refl e c t i o n co­
e f f i c i e n t at any desired frequency. 

The technique i s f u l l y described by Roberts and Von Hippel (85) 

also Dakin and Work (86) . Other d e t a i l s of t h i s technique can be foiind 

in (87) and (88) . 

Since the absorption of power in the sample i s negligible most 

of the incident power i s reflected and causes a standing wave pattern 

on the l i n e - The measured Voltage Standing Wave Ratio (VSWR) and con­

sequently the r e f l e c t i o n coefficient and the s h i f t of the f i r s t minimuip 

i . e . (phase angle) give the magnitudes of e' and e''. 

3.4.1.2 Derivations of e' and e " 

I t i s assumed that a small shunt capacitance terminates the 

coaxial transmission l i n e when a sample in a holder i s connected as shown 

in Fig.3.5 ( a ) . The impedance of the line i s then measured and the 

expressions for the e' and e'" deduced. This idea or i g i n a l l y was 

suggested by Westphal (89) who also t r i e d to make a suitable sample 

holder as shown in Fig. 3.6. I n i t i a l l y i t i s assumed that,X >> b-a and 

d <<b-a (90-92) where, 

X = wavelength of applied frequency (m) 

The electromagnetic f i e l d s are enclosed and propagate along the 

coaxial l i n e . 

The equivalent c i r c u i t of the sample impedance i s given by a 

R(e',e") and X ( e ' , e " ) in series (92) shown i n Fig. 3.5 (b) . 
c 

The sample impedance i s assumed to be given by 

z = - - i 

where C i s the capacitance of the sample, i . e . 

* A 
C = G e -o d 
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-12 -1 
and where = d i e l e c t r i c constant of free space = 8.854 x 10 (Fm ) 

2 

A = area of the electrode (m ) 

d = thickness of the specimen (m) 
* 

Since e = e' - j E' ' i s the complex d i e l e c t r i c constant of the specimen 
the impedance yields r e a l R(e',e'') and imaginary X (e',£'') components 

c 
I.e. 

or 

R(e',e") = ^ " ^ 5 - (3.25) 
0) e A(e' + e " ) 

o 

X^{e',e") = 2 ~ (3.26) 
CO e A(e' + e' ' ) o 

From the transmission l i n e theory and assuming that 

Z = R ( E ' , e " ) - j X^(e',e") (3.27) 

the r e a l and imaginary parts of the relative permittivity of the sample 

can be found in terms of p, r e f l e c t i o n coefficient and 0 i t s angle (93-94 , 

Appendix A) i . e . 

2 I pI s i n 0 
£' = — (3.28) 

2 u) C Z ( p + 2 p cos G + 1) o o 
and 

1 - I P I ' 
e " = (3.29) 

2 (0 C Z ( p + 2|p cos e + 1) 0 0 

where w = angular frequency (Rad s ''") 

Z = c h a r a c t e r i s t i c impedance (5on ) (ohms) o 

C = capacitance of equivalent capacitor with a i r : o 
C = E I 
o o d 

t 
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As the above equations show e' and e''can now be calculated i f |p| and 
0 are known. These can be measured using slotted l i n e technique at 
the desired frequency. 

Iskander (90) has pointed out that the fringing f i e l d affects 

the permittivity measurements. He has shown that the value of e' i s 

usually larger than the true value, while the value of e' ' i s not affected 

by the fringing. He has also shown that the e' i s larger by a factor of 

B 

— where A i s the capacitance of the p a r a l l e l plates and B i s the fringing 

capacitance. I n t h i s experiment the fringing effect was not considered 

for two reasons. F i r s t l y , t h e expression for B was not available and 

secondly i t was found that using two different sizes of the sample did 

not affe c t appreciably the magnitude of e'. I t was assumed therefore that 

the effect was within the experimental errors. 

3.4.1.3 Standing Wave Ratio 

Two waves t r a v e l l i n g i n opposite directions w i l l interact to 

produce a standing wave pattern. I t i s characterised by the stationary 

points of minimum amplitude along the line c alled the nodes, and the 

points of maximum amplitude. The minima and maxima occur alternately along 
the l i n e and one T apart (95) . The ra t i o of the maximum, E to mini-4 max 
mum, E^^^ amplitudes defines the standing wave ratio (SWR), or in the 

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

(3.30) E . 
mm 

I t can be shown that (96) VSWR and the reflection coefficient,p , are 

related, thus 

1 - p 
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or 
I S - 1 

PI = (3.32) 
S + 1 

E 
where p = — ^ (3.33) 

E. 1 

i n which E = reflected wave r 
E^ = incident wave 

The expression 3.32 can be used to compute the magnitude of 

the voltage r e f l e c t i o n c o e f f i c i e n t from the measurements of the voltage 

minima and maxima. By finding the location of the f i r s t minimum, x, the 

phase angle of p may be determined (95) from 

e = 23x - TT (3.34) 

where g i s the phase constant given by —- and x i s the distance. 
g 

3.4.2 Experimental 

3.4.2,1 Slotted-Line and Probe Assembly 

The most important piece of microwave equipment which i s used 

for measuring VSWR i s the slotted l i n e . This i s normally used over a 

wide range of microwave frequencies. Since the e l e c t r i c f i e l d i n a 

coaxial l i n e i s a function of the longitudinal position a probe i s mounted 

on the l i n e which has a s l o t along i t for sampling the e l e c t r i c f i e l d 

within the coaxial l i n e . The cross-section of the slotted l i n e i s 

shown i n F i g . 3.7. 

As i t i s i l l u s t r a t e d , probe i s typically a piece of short 

metallic wire which projects into the e l e c t r i c f i e l d inside the l i n e . 

I t i s capacitatively coupled to the centre conductor (a) . The r f voltage 

on the probe i s applied to the c r y s t a l detector (diode), which produces 
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a direct current output. A meter placed i n the c i r c u i t w i l l be deflected 

and w i l l give an indication of the strength of the r f voltage at the 

probe, which i s proportional to the l i n e voltage (Fig.3.7). I n order 

to obtain a s u f f i c i e n t reading on the meter an amplifier i s inserted 

between the probe and the meter. A complete assembly, including probe, 

carriage, and detector, i s often c a l l e d the Standing Wave Indicator, 

SWI. 

3-4.2.2. Apparatus 

The block diagram of the most commonly used standing wave rati o 

measuring system used i n our experiment i s i l l u s t r a t e d i n Fig.3.8. 

The lowest c a r r i e r frequency in the measurements was 500 MHz 

modulated with 1 kHz. Another signal 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 Oiz and 4-12 GHz signal generator. The frequency 

values chosen were to give wavelength easy to measure and calculation. 

The slotted l i n e used was General Radio (874-LBB) with the 

frequency range from 300 MHz to 8.5 GHz. The assembly included 

c r y s t a l 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 b a s i c a l l y a section of coaxial li n e i n 

which the sample was placed between the extended inner conductor and 

the short c i r c u i t termination. This i s i l l u s t r a t e d i n 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 

i n i t i a l l y a warm-up time i n order to achieve a stable performance. When 

the satisfactory conditions have been reached the measurements of VSWR 

and the distance of the f i r s t minimum were noted. A number of measure-
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ments were taken and the f i n a l r e s u l t determined by averaging. 

The samples were mostly of rectangular 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. I t 

must be ensured that the sample surfaces are p a r a l l e l to each other to 

avoid any stray capacitance effect. In order to obtain the best 

r e s u l t s i t was next necessary to tune the probe and stub assembly on 

the slotted l i n e . The recommended distance of 2.5 mm from the inner 

conductor for the probe was set (97) and was found to give the best 

re s u l t s (Fig. 3.7). The output from the diode r e c t i f i e r was adjusted 

for maximirai as indicated on the VSWR instrument using a tuning stub as 

shown in Fig. 3.9. 

Since the c a r r i e r was amplitude-modulated the output from the 

diode detector (envelope detector) was at the frequency of about 1 kHz 

and was d i r e c t l y proportional to the r f power, provided the detector i s 

operating in the square-law region. 

I t i s important to take care that the stub tuning i s done on the 

required fundamental and not on the harmonics present i n the l i n e . This 

can be ensured by measuring the distance between the two minima which 

must be equal to •— . The stub was capable of being tuned 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 i s suitable w i l l normally depend on the magnitude to be 

measured. Three basic methods which are very often used are (a) the 

direct method, which uses the VSWR indicator and amplifier, (b) the 

attenuator method, which measures the difference i n decibels between 

the minimum and maximum (95,98), i . e . since the (SWR) i n decibel i s 
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given by, 

SWR (dB) = 20 Log^Q VSWR (3.35) 

or 

dB 
VSWR = anti Log^^ — (3.36) 

and (c) graphical method used mainly for high values of VSWR. Although 

the d i r e c t method (a) i s probably the least troublesome, i t i s not 

suitable for VSWR greater than 50, because the accuracy cannot be 

guaranteed. In addition i t was found that the measurement of ̂ ^^^ could 

not be determined with precision, since the amplifier i n VSWR instmment 

was saturating. A d i r e c t method of measuring voltage of the standing 

wave pattern at the minimum i s possible using very sensitive electrometer 
-11 -12 

instrument for measurement of d.c. currents down to 10 , 10 or even 

10 amperes. 

The attenuation method, (b) requires a precision variable atten­

uator (91) and since i t was not available we could not check the s u i t a b i l i t y 

of t h i s method. 

I t was f i n a l l y decided that for the magnitude of VSWR involved 

the graphical method (c) w i l l probably be the most appropriate. 

I n order, however, to obtain the best results i t was necessary 

to carry out the. cal i b r a t i o n of the c r y s t a l detector (Appendix B), probe 

and stub assembly. Precise measurements of the f i e l d intensity had to 

be measured on both sides of the minimum from which using slope l i n e s 

the value of the minimum was determined. Since the detector system i s 

only used for indicating the r e l a t i v e intensity, there was no need to 

modulate the r f signal generator, and any meter would be suitable. The 

signal generator was therefore l e f t i n C.W. mode of operation and the 

detected signal was the d.c. component of the c r y s t a l detector measured 
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using a sensitive aimneter or galvanometer. Provided the operation was 
i n 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 reproduced graphically on paper(Fig.3.lO) . The r a t i o of the maxi­

mum to minimum values gives the required VSWR. 

Even with t h i s method i t was found that large errors are 

possible i n obtaining E^^^^ of the standing wave pattern. 

3.5 RESONANT CAVITY METHODS AT MICROWAVE 

3.5.1 Theory 

3.5.1.1 Cavity Resonator 

Various methods of measuring d i e l e c t r i c 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 i s the perturbation technique using 

a microwave cavity resonator. 

The technique involves inserting a small piece of a d i e l e c t r i c 

material inside the resonant cavity. I t i s placed on the end of a thin 

s i l i c d n rod which i s then suspended i n the position of maximum e l e c t r i c 

f i e l d . The resultant s h i f t of the resonant frequency of the cavity gives 

the r e a l part of the complex d i e l e c t r i c constant, and the change in the 

quality factor, Q, gives the imaginary part. 

A cavity resonator i s an enclosed space which i s capable of 

o s c i l l a t i n g and storing energy. I t i s analogous to a low frequency 

resonant c i r c u i t consisting of an inductance, a capacitance and a loss 

resistance. In such a resonant cavity a large number of modes vary 

according 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 i s used for coupling the electromagnetic power into i t via a 

length of waveguide. The f i e l d patterns are i n general denoted by a 
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pa r t i c u l a r nomenclature, e.g. TE, or TM . The f i r s t means 
^ i ,m,n i ,m,n 

Transverse E l e c t r i c f i e l d and the l a t t e r Transverse Magnetic f i e l d and 

subscripts £,ra and n indicate half wavelength changes of the f i e l d i n 

the three directions x,y and z. The diagram of the resonant cavity with 

i t s e l e c t r i c and magnetic f i e l d pattern is shown in Fig.3.11. To obtain 

solution for the electromagnetic f i e l d s within a cavity the mathematical 

treatment i s based on Maxwell's f i e l d equations with the following 

assumptions : 

1. the cavity i s completely surromded by perfectly conducting 

walls, 

2. the form of the f i e l d and the resonant frequency are not 

affected appreciably by the fact that the walls have a f i n i t e 

conductivity. 

The general expression for the fields of a TE-Ĵ QĴ ^ mode in a 

rectangular cavity are given by Montgomery (99) , 

1/2 . TTX . irz E = — r - s m — s m — y 2 a c 

. TTX irz ,„ 
\ = -H^-n — (3.37) 

irx . irz H = —T— cos — s m — z 2a a c 

The e l e c t r i c f i e l d l i n e s of t h i s cavity with TE mode are seen 
101 

to have a maximum value at the centre of the xoz-plane (Fig.3.11) . The 

resonant frequency of the cavity i s given by ( 9 9 , 1 0 3 ) , 
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where 

C = velocity of electromagnetic wave in free space. 

a,b,c = dimensions of cavity 

The cavity i s characterized by i t s resonant frequency and the 

quality factor, Q. I t i s defined as 2TT times the ra t i o of the energy 

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

2ir Energy Stored 
Energy dissipated per cycle of o s c i l l a t i o n 

I t may also be approximated to the r a t i o of the resonant frequency to the 

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

i . e . . Q i s also proportional to the ratio of the volume to the 

internal surface area. 

Many authors point out (104) that, i n order to decrease the 

losses of the electromagnetic wave inside the cavity the inner surface 

must be made as smooth as possible. This increases the quality factor, 

Q, of the cavity. The quality factor for the TE^^^ mode i s given by 

(99,105-106), 

Q 
abc X c 
26 

2 

- | (a + 2b) + -~ (c + 2b) 
a c 

(3.39) 

where <S i s the skin depth given by. 

and 

iry f 

p = r e s i s t i v i t y of the metal wall 

y = permeability of the wall 
f = frequency of the cavity 

(ohm m) 

(H m"-"-) 
(Hz) 

(3.40) 
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3 . 5 . 1 . 2 Coupling 

In the theory of the coupling hole i t i s usually assumed that 

the radiation may be represented by an equivalent e l e c t r i c and magnetic 

dipoles located i n the hole (103). The e l e c t r i c f i e l d i s perpendicular 

and the magnetic f i e l d i s p a r a l l e l to the plane of the hole. The physical 

reprsentation of the hole and the associated f i e l d s are shown in 

Figs. 3 .12 -14 for the e l e c t r i c f i e l d and Figs. 3 .15-17 for the magnetic 

f i e l d . 

The effect of a small hole on a resonant cavity has been 

published by Bethe (107). C o l l i n (103) has proposed that i f the radius 

of the hole r ^ < then i t may be considered as being equivalent to 

two dipoles, e l e c t r i c and magnetic. The hole with radius r ^ and e l e c t r i c 

f i e l d i n the plane of hole are shown i n Fig.3 . 1 8 . The magnetic dipole 

i s given by, 

8 3 
M = J r ^ C Y (3 .41) 

where 

C = the amplitude of the incident mode 

Y = wave admittance for the I^J^Q mode 

The direction of M i s shown in Fig. 3 . 1 9 . The susceptance of 

the hole i s represented by ( 1 0 3 ) , 

jB = - j - (3 .42) 
8 r e o 

whose value w i l l depend on the frequency of the applied signal and the 

radius of the hole and g i s the phase constant. I t s magnitude 

becomes rapidly i n f i n i t e when the radius of the hole approaches zero 

as shown i n Fig. 3 . 2 0 . To determine the radius of the coupling hole, 

two important factors must be considered: 
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1. the Q o f the c a v i t y should be as high as p o s s i b l e . The 

i n c r e a s e i n the r a d i u s o f the coupling hole lowers the q u a l i t y f a c t o r Q. 

2. on the o t h e r hand, the radius of the hole should not be 

too s m a l l s i n c e then the magnitude of the susceptance i n c r e a s e s too much. 

( F i g . 3.20). 

I n t h i s case d e l i v e r y of power to the resonant c a v i t y encounters 

d i f f i c u l t i e s . As a r e s u l t , the r a d i u s i s normally found e m p i r i c a l l y 

and t h e b e s t s i z e which i s recommended a t 9.3 GHz i s between 3 and 4 mm. 

The i n d u c t i v e susceptance may be represented as d i s c o n t i n u i t y 

between th e c a v i t y and the waveguide. T h i s d i s c o n t i n u i t y can be c a n c e l l e d 

by employing another d i s c o n t i n u i t y a t another p l a c e along the waveguide. 

T h i s i s normally achieved u s i n g tuning screws as matching components. 

The e q u i v a l e n t c i r c u i t o f the resonant c i r c u i t i s shown i n 

F i g , 3.21 ( 8 1 ) . From the d e f i n i t i o n o f Q i t can be w r i t t e n (100) t h a t , 

Q = - ™ (3.43) 

where U i s the energy s t o r e d and P i s the power d i s s i p a t e d i n the c a v i t y . 

There are three kinds of Q d i s t i n g u i s h e d (108), (a) (the unloaded Q) 

where only l o s s i n the c a v i t y i s taken i n t o account, i s given by, 

CO L 
2u = (3.44) 

(b) (the loaded Q) i n which the l o s s of the c a v i t y and the coupling 

system (hole) are taken i n t o account, i . e . 

CO L 
Q = _2 (3 45) 

R + Z 
o 

and (c) Q (the e x t e r n a l Q) where the l o s s due to an e x t e r n a l c i r c u i t 

f 
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i s taken i n t o account, i . e . 

0) L 
= ^ (3.46) 

o 

Z 
where by d e f i n i t i o n 3 = -2. i s the coupling parameter. On s u b s t i t u t i o n 

R 

Eqn. 3.44 i n Eqn. 3.45 we o b t a i n , 

2u 

Q = _iL„ (3.47) 
^ 1 + 6 and 

Q 
= ~ (3.48) 

These t h r e e types of Q are r e l a t e d to each other v i a the r e l a t i o n , 

which s t a t e s t h a t the t o t a l l o s s of energy i n the system ( c a v i t y and 

hole) i s equal to the sum of the l o s s e s i n the c a v i t y and coupling. From 

Eqn. 3.48 

• - i 

or sxnce 
1 ^ 1 R .V, . o 

= — _ and ~ = —=- t h e r e f o r e 3 = — 
'̂E o u o 

when 3 = 1, Q = Q „ = 2Q and consequently, R = Z . The c a v i t y i s 
M bj i-t o 

then matched to the waveguide and the coupling i s c a l l e d c r i t i c a l . When 

3 < 1, the c a v i t y i s undercoupled and when 3 > 1 the c a v i t y i s over-

coupled. I n p r a c t i c e few methods of coupling are used. However, to 

ob t a i n a high Q system a round hole should be used as coupling (98) . 
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3.5.1.3 Matching and P e r t u r b a t i o n Theory 

As i t has been pointed out by Bethe and l a t e r by C o l l i n s , the 

coupling hole a c r o s s the waveguide i s equivalent to a normalized susceptance 

and i t p r e s e n t s a d i s c o n t i n u i t y i n the waveguide ; as a r e s u l t mismatch 
the 

c o n d i t i o n o c c u r r i n g the energy of electromagnetic wave cannot go 

through the hole completely. T h i s e f f e c t of mismatch can be c a n c e l l e d 

a t any p a r t i c u l a r frequency by i n t r o d u c i n g another d i s c o n t i n u i t y e l s e ­

where i n t h e system, whose r e f l e c t i o n c o e f f i c i e n t i s i n antiphase w i t h 

t h a t o f the o r i g i n a l mismatch. T h i s can be done by e i t h e r s i n g l e o r 

double screw matching s e c t i o n s which may be i n s e r t e d i n the waveguide. 

These metal screws extend i n t o the guide only a s h o r t d i s t a n c e i n 

comparison with the wavelength as shown in. F i g . 3.22. S i n c e the e l e c t r i c 

f i e l d E i s e f f e c t i v e l y the same value on e i t h e r s i d e of the screw, the 

tuner can be represented by a shunt admittance. Because the l i n e i s l o s s ­

l e s s , t h i s shunt admittance can be assumed as a pure susceptance as 

shown i n F i g . 3.23. 

The tuning screw has a c a p a c i t i v e e f f e c t whenever i t s length 
d< T and i t has i n d u c t i v e e f f e c t when d > -7 . 4 4 

I n p r a c t i c e two screws are o f t e n used as shown i n F i g . 3.24. 

T h e i r combination forms a matching u n i t known as two stub tuner. T h e i r 

e q u i v a l e n t c i r c u i t may be represented as shown i n F i g . 3.25. For matching 

the c a v i t y impedance, the tuners are adjusted i n such a way t h a t the 

normalized input impedance (with r e s p e c t to Z^) of the system i s u n i t y 

(109). 

The d i s t a n c e of the f i r s t screw from the c a v i t y has been given 

i n (105) and i t s p o s i t i o n i s very c r i t i c a l . The d i s t a n c e between screws 
3 

I S equal t o — where i s the guide wavelength. 

The normalized susceptance of a s i n g l e screw i s given by (103) 

and f o r two screw combination matching u n i t s i t i s u s u a l l y determined 
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g r a p h i c a l l y using c i r c l e diagram (105). 

When a s m a l l p i e c e of d i e l e c t r i c m a t e r i a l i s introduced i n t o 

a c a v i t y , the q u a l i t y f a c t o r , Q, and the resonant frequency change. 

The r e l a t i o n s between these changes and the p r o p e r t i e s of the d i e l e c t r i c 

m a t e r i a l which are deduced from the p e r t u r b a t i o n theory were f i r s t 

proposed by C a s i m i r (110 ) . Then i t was f u r t h e r extended and developed 

by Waldron (111 and 112) and o t h e r s (100, 113, Appendix C ) , i . e . 

V 
f- = -2 ( e ' - l ) ~ - (3.50) 
o o 

and 
1 ^ s 

A( ^ ) = 4 e " -2- (3.51) 
^ o 

where V = voltome of sample s 
; = volume of c a v i t y 

The negative s i g n i n Eqn. 3.50 i n d i c a t e s t h a t Af i s negative, i . e . by 

i n t r o d u c i n g a sample the frequency of the c a v i t y i s lowered (114). I f 

the Q of the unperturbed and perturbed c a v i t y are measured as w e l l as 

the s h i f t of resonant frequency then the e' and e'' can be determined. 

The method i s a w e l l known t o o l , and the only l i m i t a t i o n s 

are t h a t the frequency s h i f t should be much l e s s than 1% and t h a t the 

volume of the m a t e r i a l introduced should not a l t e r appreciably the 

f i e l d i n s i d e the c a v i t y . I t i s important to introduce the sample a t 

a p o i n t i n the c a v i t y where the magnetic f i e l d i s zero and the e l e c t r i c 

f i e l d i s maximum (111). 

3.5.2 Experimental 

3.5.2.1 Apparatus 

The block diagram of the apparatus i s shown i n F i g . 3.26. 
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A r e f l e x k l y s t r o n was used as the microwave source and the modulation 
f o r producing the frequency sweep was provided by a sawtooth waveform 
generator. Two chosen c r y s t a l d e t e c t o r s and showed an almost 
i d e n t i c a l response f o r the r e q u i r e d power and f r e q u e n c i e s . The s e t up 
c o n s i s t e d of the f o l l o w i n g equipment : 

1. Power Supply 

2. R e f l e x K l y s t r o n 

3. I s o l a t o r I 

4. Attenuator I 

5. D i r e c t i o n a l Coupler ( i n c i d e n t power) 

6. I s o l a t o r I I 

7. Attenuator I I 

8. D i r e c t i o n a l Coupler ( r e f l e c t e d power) 

9. S l o t t e d - l i n e 

10. C a v i t y under t e s t 

11. Modulator (Sawtooth waveform generator, RAMP generator) 

12. Attenuator I I I 

13. Wavemeter ( c a v i t y ) 

14. P r e c i s i o n a t t e n u a t o r IV 

15. 
. Matched p a i r c r y s t a l detector, X, and X„ I D . I 1 2 

17. Attenuator V 

18. Dual t r a c e o s s c i l l o s c o p e (D 65) 

19. C r y s t a l d e t e c t o r , X^ 

20. V.S.W.R. I n d i c a t o r 

3.5.2.2. C a l i b r a t i o n and Matching 

Admittance o f the combination of coupling hole and c a v i t y i s 

given by Y = G - jB where R i s (R = ̂  ) i s the r e s i s t a n c e of the c a v i t y 
G 

and B i s the susceptance of the hole which can be determined with the 
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a i d of graphs (115) . I t i s assumed t h a t the coupling hole does not 

have any r e s i s t a n c e and i f i t does i t i s too sm a l l to be considered. 

The waveguide with admittance Y = —— i s connected to a 
o Z 

o 

termination Z f ^^o '̂̂ ^ c h a r a c t e r i s t i c impedance of waveguide) . 

According to the p r i n c i p l e s of t r a n s m i s s i o n l i n e s the propagated wave, 

i f Z 5̂  Z^, i s p a r t l y r e f l e c t e d and the standing wave p a t t e r n i s created. 

I t i s known t h a t the impedance v a r i e s i n a p e r i o d i c t a b l e manner and 

repe a t s i t s value every half-a-wavelength. I t i s assumed t h a t the 

admittance o f the guide a t B'-B'is G-jB. By means o f tuning screws 

the susceptance of +jB can be introduced a t B'-B' which c a n c e l s the 

susceptance of the h o l e . The r e s i s t a n c e of the screws can be ignored. 

As shown i n F i g . 3.27 a t the B'-B' the conductance of the c a v i t y i s 

equal to the conductance of the guide, i . e . G = G. 
o 

The s e t t i n g up and c a l i b r a t i o n procedures are as follov^s :-

( i ) With the c a v i t y i n t e s t p o s i t i o n (B-B plane) the K l y s t r o n 

r e f l e c t o r voltage i s a d j u s t e d and k l y s t r o n c a v i t y tuned to the d e s i r e d 

mode as i n d i c a t e d by a dip on the o s c i l l o s c o p e (Y ) d i s p l a y i n Fig.3.28. 

The i n c i d e n t s i g n a l without a dip i s given by the o s c i l l o s c o p e Y^ 

d i s p l a y , F i g . 3.28. The dip i s caused by the c a v i t y absorption and 

p l a c i n g i t on the top of the k l y s t r o n mode on the Y^ d i s p l a y ensxires 

t h a t the k l y s t r o n i s o p e r a t i n g a t the resonant frequency o f the c a v i t y . 

( i i ) For c a l i b r a t i o n purposes the c a v i t y i s disconnected and a 

s h o r t c i r c u i t p l a t e i s introduced i n p o s i t i o n B-B. 

( i i i ) Attenuators I I I , I V and V were s e t to zero attenuation. 

( i v ) Attenuator I was adj u s t e d to decrease the i n c i d e n t power 

to c r y s t a l d e t e c t o r s X , X and X to ensure t h a t the operating range 

i s w i t h i n the square law c h a r a c t e r i s t i c . 

(v) Before applying the outputs of the c r y s t a l s to the o s c i l l o ­

scope input sockets, the two base l i n e s are f i r s t brought i n t o coincidence 
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by v e r t i c a l c e n t e r i n g c o n t r o l . The output o f each c r y s t a l was brought 
to zero f o r checking t h a t t h e base l i n e s are c o i n c i d e n t . 

( v i ) A f t e r connecting outputs of X^ and X^ to the o s c i l l o s c o p e 

i n p u t s , the t r a c e s of the c r y s t a l s shoiild c o i n c i d e ; i f they do not 

t h i s can be c o r r e c t e d by at t e n u a t o r V. Whenever the attenuator I i s 

v a r i e d from (0-15) dB,' both outputs should i d e a l l y decrease a t the same 

r a t e . The discrepancy was determined by the r e s i d u a l a t t e n u a t i o n i n IV. 

The magnitude of t h i s d i screpancy was about 1 dB. 

A f t e r the c a l i b r a t i o n of the system was c a r r i e d out the c a v i t y 

was r e p l a c e d back a t B-B, and both i n c i d e n t and r e f l e c t e d t r a c e s were 

then d i s p l a y e d on the scree n o f the o s c i l l o s c o p e . On the r e f l e c t e d t r a c e 

a d i p was observed which r e l a t e s t o the resonance o f the c a v i t y . 

Two methods o f tuning the c a v i t y were considered, i . e . 

(a) Using the Resonant Curve on the O s c i l l o s c o p e 

When the matching c o n d i t i o n i s approached the d i s p l a y curve 

becomes sharper and the bottom of i t reaches up to the base l i n e (114) 

as shown i n F i g . 3.28. The a c t u a l match i s i n d i c a t e d by the dip to the 

zero power l e v e l on the o s c i l l o s c o p e . Obviously t h i s method i s f a i r l y 

t e d i o u s experimentally, because the two screws can have many combinations. 

(b) V.S.W.R. Method 

When the c a v i t y i s matched to the waveguide the VSWR approaches 

u n i t y . The values of the VSWR w i l l normally be j u s t above u n i t y . Under 

the matched c o n d i t i o n s very a c c u r a t e measurements are requi r e d ( 9 5 ) . 

S p e c i a l a t t e n t i o n should be p a i d therefore to the instrument measuring the 

VSWR. The VSWR of l e s s than 1.05 should be aimed for to ob t a i n a good 

match, 

3.5.2.3. Measurements 

The -system was now c a l i b r a t e d and matched and i s ready f o r the 

measurement o f Q and f ^ . At t h i s p oint i t was necessary to ensure t h a t 
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the i n c i d e n t and r e f l e c t e d t r a c e s were c o i n c i d e n t as shown i n F i g . 3.28. 
I f t h e r e was not an adjustment which had to be made using the c a l i b r a t e d 
a t t e n u a t o r I V which a l s o gave the square of the r e f l e c t i o n c o e f f i c i e n t . 
Frequency f ^ - By lowering i n c i d e n t power t r a c e the corresponding t r a c e 
touches the bottom of the resonant curve (minimum point) of the 
r e f l e c t e d power t r a c e as shown i n F i g . 3.29. 

Then by tuning the wavemeter i t s resonant dip was brought on 

the top of the minimum p o i n t and c e n t r e frequency (resonant frequency f^) 

was measured as shown i n F i g . 3.30. 

Q u a l i t y F a c t o r , Q - By a d j u s t i n g the p r e c i s i o n attenuator I V the three 

d e c i b e l p o i n t s were found which determined the h a l f power l i n e on the 

resonance curve as shown i n F i g . 3.31. 

The dip of the wavemeter was brought to the i n t e r s e c t i o n of 

the two t r a c e s on the r i g h t and on the l e f t s i d e of the centre frequency 

and two f r e q u e n c i e s f ^ and f ^ were then determined as i n F i g . 3.32. 

The bandwidth Af = ^i~^2 c a l c u l a t e d and Q determined from 

(115). 
f 

Q = - — ^ (3.52) 
V ^ 2 

The r e l a t i o n s h i p between loaded and unloaded Q of the c a v i t y i s 

given by 

Q,̂  = (1 + e)Q^ (3.53) 
U i j 

where g i s the c o u p l i n g f a c t o r . 

Coupling F a c t o r , g- For the determination of the coupling f a c t o r , g , 

which i s the f u n c t i o n of the coupling hole dimensions the s l o t t e d l i n e 

was u t i l i z e d . F i r s t l y , voltage standing wave r a t i o , VSWR of the system 

was measured p r e c i s e l y , as described i n (95). The p o s i t i o n of the f i r s t 

minimum was noted on the s l o t t e d l i n e . The probe was then l e f t i n t h a t 
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p o s i t i o n and the resonant frequency o f the c a v i t y was changed by the 
amount o f at l e a s t f i v e times Af. Then by moving the probe a l i t t l e 
distance the VSWR was measured. I f i t was near the minimum the c a v i t y 
was undercoupled and ^ = ^ and i f i t was maximum the c a v i t y was over-
coupled and 3=5, where 5 = VSWR. 

I f 3=5 = 1 the c a v i t y i s coupled c r i t i c a l l y . This was 

repeated when the c a v i t y was loaded w i t h a d i e l e c t r i c sample. From both 

measurements the loaded and unloaded Q of the c a v i t y , a l s o i t s resonant 

frequency, were determined. The s h i f t i n the resonant frequency due t o 

the i n s e r t i o n of the d i e l e c t r i c sample gives the d i e l e c t r i c constant, 

e" , according t o Eqn. 3.50. The change i n the unloaded Q o f the c a v i t y 

due t o the i n s e r t i o n o f the d i e l e c t r i c sample gives the loss f a c t o r , e'' 

according t o Eqn. 3.51. 

3.6 CONCLUSION 

As i t has already been explained, the d i e l e c t r i c constant of 

MgO was determined by comparing the capacity o f a condenser i n a i r t o 

the capacity w i t h a MgO sample between the p l a t e s , using bridge methods 

or resonant c i r c u i t methods at low frequency. 

The bridge method has many advantages, i t can be used f o r low 

and high voltages and c u r r e n t s . The method gives d i r e c t readings of the 

capacitance and conductance. I t can also be used a t high temperatures 

since i t can be e a s i l y connected t o the required apparatus. 

I n c o n t r a s t w i t h the bridge technique, however, Q-meter has 

two major d i f f i c u l t i e s . F i r s t , t o measure the complex d i e l e c t r i c constant 

the sample must be taken i n and out o f the holder f o r every frequency. 

This d i s t u r b s the system and could create considerable e r r o r s . Secondly, 

as the frequency increases due t o i n d u c t i v e e f f e c t of the holder and 

assembly connected t o i t , the r e s u l t s can be f a l s e . Therefore, the 

measurement range i s l i m i t e d t o a narrow band of frequencies. There 
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are also d i f f i c u l t i e s i n connecting t h e Q-meter t o t h e h i g h temperature 
apparatus. 

The s l o t t e d l i n e technique i s very u s e f u l f o r lossy m a t e r i a l s . 

I t does not, however, give d i r e c t readings o f e' and e''. The method 

o f measuring VSWR i n t h i s technique was very time consuming and r e s u l t s 

obtained were unireliaW\c. 

The c a v i t y resonator method i s able t o deal w i t h very low loss 

m a t e r i a l s and i t s a d a p t a b i l i t y and accuracy were good. I t i s a very 

precise method but i t s t i l l does not give d i r e c t readings o f e' and e''. 

Most important advantages of t h i s method are t h a t the sample which i s 

i n s e r t e d i n t o the c a v i t y does not r e q u i r e p o l i s h i n g and i t s dimensions 

are smaller i n comparison t o those o f samples used i n bridge and Q-meter 

techniques. 

I t i s concluded, t h e r e f o r e , t h a t f o r low loss m a t e r i a l s (e.g. 

i n the case o f MgO) the bridg'e and c a v i t y resonator techniques are 

p o s s i b l y the best because o f t h e i r p r e c i s i o n . 

A number o f e r r o r s e x i s t i n the s l o t t e d l i n e technique. Before 

any measurements are c a r r i e d o u t i t i s important t o e s t a b l i s h the sources 

o f these e r r o r s and devise methods o f minimizing or avoiding them. 

The most apparent e r r o r s are due t o detector c h a r a c t e r i s t i c , 

probe t u n i n g , readings along the l i n e o f maxima and minima of the standing 

wave and s i g n a l d i s t o r t i o n due t o presence o f harmonics and frequency 

modulation. 

I n the c a v i t y method the e r r o r s may be d i v i d e d i n t o two main 

groups, i . e . those due t o systematic causes and those due t o random 

behaviour. 

Systematic e r r o r s are those which a f f e c t each measurement by 

the same amount such as the c a l i b r a t i o n e r r o r . Proper design or accurate 

c a l i b r a t i o n o f components can reduce these e r r o r s t o a n e g l i g i b l e value. 
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On the other hand random e r r o r s as the name i m p l i e s , are due t o random 

f l u c t u a t i o n s o f the measured q u a n t i t i e s . These can be estimated by means 

of s t a t i s t i c a l methods from the r e s u l t s obtained using a large number o f 

measurements (118) . 

The r e s u l t s obtained using each method w i l l be presented 

i n d i v i d u a l l y and the possible e r r o r s and other d i f f i c u l t i e s encountered 

w i l l be discussed. 
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CHAPTER 4 

ROOM TEMPERATURE RESULTS IN THE LOW FREQUENCY RANGE 

4.1 BRIDGE TECHNIQUE DATA 

The c o n d u c t i v i t y data was derived d i r e c t l y from the measured 

conductance and some c o n d u c t i v i t y - frequency v a r i a t i o n s are shown i n 

Fig . 4.1, The values obtained f o r pure MgO and MgO doped w i t h a low 

concentration o f Fe (310 ppm) were the same, as i n d i c a t e d by the f u l l 

l i n e . The a d d i t i o n o f l a r g e r amounts o f i r o n produces s i g n i f i c a n t 

changes shown by the c h a r a c t e r i s t i c s p l o t t e d f o r specimens containing 

4,300 ppra and 12,800 ppm Fe r e s p e c t i v e l y . 

Comparison suggests t h a t a t any p a r t i c u l a r frequency increasing 

the concentration o f i r o n increases the c o n d u c t i v i t y . 

The c o n d u c t i v i t y versus frequency c h a r a c t e r i s t i c s of a Cr doped 

MgO specimen i s also given i n F i g , 4.1. Adding an almost equivalent 

concentration o f Cr does not increase the c o n d u c t i v i t y as much as does 

adding Fe. 

A l l the p l o t s are l i n e a r and t h e i r slopes were found t o be 

the same. The data f i t s the "Universal Law" and comparison w i t h the 

r e l a t i o n 

a ^(u)) « ui"' (4.1) 

shows t h a t the exponent has the value n = 0.98. The magnitude o f n 

i s the same f o r a l l the specimens. 

The v a r i a t i o n o f l o g (e'-e^) w i t h l o g w was also p l o t t e d f o r 

the same specimens (F i g . 4.2) i n d e r i v i n g t h i s (the l i m i t i n g value 

o f d i e l e c t r i c constant a t high frequencies) was taken t o be the value 
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obtained i n microwave d i e l e c t r i c constant measurements at 9.3 Oiz. Once 
again the p l o t s o f t h i s v a r i a t i o n f o r the doped specimens showed t h a t 
a l l o f them had the same shape o f c h a r a c t e r i s t i c . A l l the c h a r a c t e r i s t i c s 
are l i n e a r w i t h the same slope, and a l l f i t the r e l a t i o n 

e' (lo) « (0 ̂ ""^^ (4.2) 

w i t h n = 0.98. R e p l o t t i n g t h e data showed t h a t t h e magnitude of (e'- e ) 

at each frequency i s i n v e r s e l y p r o p o r t i o n a l t o the concentration o f Fe. 

The v a r i a t i o n o f e'' w i t h frequency was also measured and i t 

i s shown i n Fig.4.3. The p l o t s are l i n e a r , f o l l o w i n g 

(0)) cc (4.3) 

w i t h n = 0.98. The loss f a c t o r , e'", a t a p a r t i c u l a r frequency i s 

higher f o r the h e a v i l y doped specimen than f o r the pure MgO, lower Fe 

concentrations are located between these values. 

I n order t o c l a r i f y the e f f e c t of im p u r i t y concentration on 

p e r m i t t i v i t y and c o n d u c t i v i t y , p l o t s o f e' versus Fe concentration and 

also of a versus concentration are shown i n Figures 4.4(a) and 4.4(b) 

r e s p e c t i v e l y . I t i s seen t h a t the v a r i a t i o n s o f both e' and a are 

l i n e a r over the concentration range examined. There i s inverse prop­

o r t i o n between e' and concentration w h i l e o i s d i r e c t l y p r o p o r t i o n a l t o 

the concentration o f Fe. 

4.2 Q-METER METHOD DATA 

The d i e l e c t r i c constant and c o n d u c t i v i t y data o f pure Mgo 

and MgO w i t h d i f f e r e n t concentrations of Fe and Cr at 1 MHz are summarized 

i n Tables 4.1 and 4.2 i n which the values given represent averages o f 

several measurements on each sample. For convenience a reference number 

has been assigned t o each sample. The concentrations o f the i r o n doped 

samples v a r i e d between 310 ppm Fe and 12,800 ppm Fe and f o r the chromium 
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Reference 
NO Nominal Composition e' 

, 8 
Conductivity,a x 10 

(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 : D i e l e c t r i c Constant and Conductivity o f Pure MgO 
and I r o n Doped MgO a t 1 MHz. 

Reference 
NO Nominal Composition e' 

g 
Conductivity,a x 10 
(ohm cm ''") 

6 MgO + 800 ppm Cr 9.55 1.4 

7 MgO + 1,300 ppm Cr 9.44 1.5 

8 MgO + 3,600 ppm Cr 9.3 1.85 

TABLE 4.2 : D i e l e c t r i c Constant and Conductivity o f Chromium 
Doped MgO a t 1 MHz. 
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doped samples from 800 ppm Cr to 3,600 ppm Cr. They have been tabulated 
i n order of i n c r e a s i n g c o n c e n t r a t i o n . 

I n the p r e s e n t experiment data have been c a l c u l a t e d as a mean 

value of s e v e r a l measurements. 

At constant frequency the value of e' decreases on i n c r e a s i n g 

the c o n c e n t r a t i o n of the Fe or Cr. I n c o n t r a s t the a.c. c o n d u c t i v i t y 

i n c r e a s e s with t h e c o n c e n t r a t i o n o f the dopant. The v a r i a t i o n o f 

d i e l e c t r i c constant, e', of pure MgO with frequency i s p l o t t e d i n Fig.4.5. 

The magnitude o f e' decreases s l i g h t l y as t h e a p p l i e d frequency i n c r e a s e s 

up to 4 MHz ; e' apparently i n c r e a s e s very s h a r p l y when the frequency 

i s i n c r e a s e d beyond 4 MHz but t h i s i s due to i n d u c t i v e e f f e c t s of the 

e l e c t r o d e s and j i g i n the high frequency range, i . e . 10 MHz-40 MHz and 

maybe misleading. A comparison of the v a r i a t i o n s of d i e l e c t r i c constant 

v e r s u s frequency f o r pure MgO and Fe/MgO i s given i n Fig.4.6. T h i s shows 

the e f f e c t of the dopant (Fe) on the p e r m i t t i v i t y of the h o s t m a t e r i a l 

over the frequency range of measurements. I t can be seen t h a t the 

magnitude of the d i e l e c t r i c constant of both samples decreases w i t h 

i n c r e a s i n g frequency. At any f i x e d frequency the r a t i o o f t h e i r ' 

v a l u e s i s constant ; the value of t h i s r a t i o i s about 1.03. 

There i s not much d i f f e r e n c e between the d i e l e c t r i c constant 

of pure MgO and MgO doped w i t h 310 ppm Fe i n t h i s frequency range. The 

data of both samples has been p l o t t e d i n F i g . 4.7. Over two decades of 

frequency, t h e i r d i f f e r e n c e does not exceed more than the range of 

experimental e r r o r s . T h i s d i f f e r e n c e i s almost 0.1% whereas the 

experimental e r r o r s are estimated a t 3%. 

A f u r t h e r comparison between the p e r m i t t i v i t y of pure MgO and 

t h a t of specimens having four d i f f e r e n t concentrations of i r o n (sample 

r e f e r n e n c e s 1-5) made a t two d i s t i n c t f requencies, 200 kHz and 500 kHz, 

i s given i n F i g . 4.8. I t shows t h a t the magnitude of d i e l e c t r i c constant 
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of Fe/MgO i s i n v e r s e l y p r o p o r t i o n a l to the concentration o f i r o n . 

I n Fig.4.9 the v a r i a t i o n o f l o s s f a c t o r e''((ji)) w i t h frequency 

f o r pure MgO has been p l o t t e d . T h i s v a r i a t i o n can be compared w i t h the 

l o s s f a c t o r c h a r a c t e r i s t i c of h e a v i l y doped Fe/MgO which i s a l s o shown 

i n t h i s f i g u r e . They show a s l i g h t decrease up to 1 MHz. The v a r i a t i o n s 

have s l o p e s of 0.014 and 0.016 which both f i t w i t h the " U n i v e r s a l Law" 

(Eqn. 4.3) where n i s equal to almost 0.985. The a.c. c o n d u c t i v i t y 

c h a r a c t e r i s t i c s of a l l the samples (cf^^(a)) v e r s us frequency) have been 

p l o t t e d i n Fig.4.10. They show s i m i l a r c h a r a c t e r i s t i c s and the conduct­

i v i t y r a t i o s (a(Fe) /a Pure) a t any p a r t i c u l a r frequency are constant. 

The v a r i a t i o n o f o (o)) j u s t over one decade of frequency i s l i n e a r and 
3.C 

i t s s l o p e i s 0.98, i . e . n = 0.98. A l l a.c, c o n d u c t i v i t i e s agree,(Eqn.4.1). 

A comparison o f the c o n d u c t i v i t y of MgO doped w i t h almost the 

same c o n c e n t r a t i o n s of i r o n and chromium r e s p e c t i v e l y i s shown i n Fig.4.11. 

F i n a l l y , log (e'-e^) versus l o g w was p l o t t e d i n F i g 4.12 here 

e i s the l i m i t i n g v a l u e o f e', which was taken from data obtained i n 

microwave d i e l e c t r i c constant measurements. 

The data f o r l o s s tangent. Tan 6, which has been d e r i v e d d i r e c t l y 

from measured q u a n t i t i e s , i s p l o t t e d i n F i g . 4.13; i t s v a r i a t i o n w i t h 

frequency i s l i n e a r . 

4.3 DISCUSSION 

The Q-meter data i n a l l c a s e s f i t s the e x t r a p o l a t i o n o f the 

corresponding bridge data confirming t h a t the same behaviour and mechanisms 

apply over the whole frequency range from 50O Hz to 30 MHz. 

The c o n d u c t i v i t y of MgO i s the sum of the d.c. c o n d u c t i v i t y and 

the pure a.c. c o n d u c t i v i t y and the a.c. c o n d u c t i v i t y component i s the 

only p a r t which i s dependent on frequency. I n t h i s experiment e x t r a ­

p o l a t i o n of Fig.4.1 shows t h a t the d.c. c o n d u c t i v i t y , i s very small 

(~ lO ohm cm ''') f o r a l l the specimens examined and thus i t can be 
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neglected. C o n s i d e r i n g f i r s t the data f o r pure MgO we f i n d t h a t a (w) 
ac 

f o l l o w s the r e l a t i o n 4.1 w i t h n = 0.98 over three frequency decades. 

As regards the d i e l e c t r i c constant e', there i s a good agree­

ment between the p r e s e n t data on pure MgO (Table 4.3) and t h a t reported 

by others (Table 4.4). 

The major c o n c l u s i o n s concern the e f f e c t of doping. The data 

fo r a l l specimens f i t s the Jonscher laws, i . e . good agreement was 

obtained with the r e l a t i o n s 

a (IM) ixP' (4.4) ac 

(e'-e J cc (o^"~^^ (4.5) 

e " ( a ) ) cc oj^""^^ (4.6) 

The magnitude of the exponent (n) f o r a l l samples being n = 0.98. The 

t h r e e methods f o r determination o f n, as shown i n F i g u r e s 4.1, 4.2 and 

4.3 a l l give the same magnitude f o r n, to w i t h i n experimental e r r o r . 

T h i s v a l u e of n i s independent of the nature of the dopant and a l s o of 

dopant c o n c e n t r a t i o n s . S i n c e a l l the specimens y i e l d i d e n t i c a l v alues 

of (n) (Fig.4.1) i t can be concluded t h a t the mechanism of conduction 

i s the same ; only the magnitudes of a (co) are d i f f e r e n t and these 

i n c r e a s e with i n c r e a s i n g c o n c e n t r a t i o n . P r i m a r i l y , t h i s suggests t h a t 

the p r o b a b i l i t y of hopping i n c r e a s e s with i n c r e a s i n g concentrations of 

the dopant impurity. T h i s i m p l i e s t h a t the number of hopping c e n t r e s 

i n c r e a s e s but t h a t t h i s occurs without a change i n hopping mechanism. 

I t i s known from ESR s t u d i e s (124) t h a t Fe and Cr have entered 

the magnesium oxide c r y s t a l on magnesium s i t e s as Fe^^ and Cr^^. Adding 
3+ 2+ Fe ions i n t r o d u c e s f u r t h e r v a c a n c i e s ; s i n c e Fe i s occupying a Mg 
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s i t e i n the l a t t i c e one e x t r a vacancy per two Fe"^^ ions i s produced i n 
the c r y s t a l . S i m i l a r vacancy formation w i l l occur with Cr'^^ i o n s . 

I t i s of i n t e r e s t to compare the behaviour of Fe and Cr as 

dopants. For two specimens doped to almost the same concentration but 

wit h d i f f e r e n t i mpurity i o n s , ( i . e . samples (4) Fe/MgO and (8) Cr/MgO) 

the c o n d u c t i v i t i e s a t any p a r t i c u l a r frequency were d i f f e r e n t and the 

c o n d u c t i v i t y o f MgO with Fe doping i s higher than with Cr doping. Fe 

appears to be more e f f e c t i v e i n changing both, a and e' than Cr. T h i s 

would not be expected on the simple vacancy production model and the 

reasons f o r t h i s e f f e c t a r e not y e t c l e a r . 
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CHAPTER 5 

ROOM TEMPERATURE RESULTS AT R.F. AND MICROWAVE FREQUENCIES 

5.1 R.F.RANGE 

5.1.1 General 

The d i e l e c t r i c constant, e' and the l o s s f a c t o r , e'' of a l l 

samples have been c a l c u l a t e d d i r e c t l y using Eqns. 3.28 and 3.29 

r e s p e c t i v e l y and t h e i r c o n d u c t i v i t y obtained using e''. 

I n order to determine the magnitude of r e f l e c t i o n c o e f f i c i e n t , 

|p|, and the d i s t a n c e of the f i r s t minimum, the VSWR p a t t e r n f o r pure 

MgO was p l o t t e d a s shown i n F i g . 5.1 a t the frequency 710 MHz. To 

i l l u s t r a t e the s h i f t caused by the i n t r o d u c t i o n of the sample t h a t p l o t 

of F i g . 3.10 ( s h o r t c i r c u i t ) was superimposed i n Fig.5.1. As can be seen 

the shape o f the p a t t e r n f o r pure MgO has not changed as there i s very 

l i t t l e power d i s s i p a t i o n i n the s i n g l e MgO c r y s t a l s , i . e . a o. 

To see the e f f e c t of dopant i m p u r i t i e s on the magnitude of the 

r e f l e c t i o n c o e f f i c i e n t , p, and the s h i f t of the f i r s t minimum the VSWR 

p a t t e r n f o r MgO doped w i t h i r o n (12,900 ppm Fe) was p l o t t e d i n Fig.5.2 

a t the frequency o f 710 MHz. As i t i s seen the readings a t the minimum 

p o i n t s a r e higher than f o r the pure MgO case i n Fig.5.1. 

5.1.2 Complex D i e l e c t r i c Constant 

The v a r i a t i o n of e' with frequency f o r pure MgO has been p l o t t e d 

i n F i g . 5 . 3 . The f r e q u e n c i e s 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. I t can be seen that e' decreases w i t h frequency 

l i n e a r l y and i t i s d i f f i c u l t to determine the slope of the l i n e p r e c i s e l y 

because of the v a r i a t i o n s . By e x t r a p o l a t i n g to low and medium frequencies 

the l i n e has qien the slope o f 0.02. Determination of the slope of t h i s 
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v a r i a t i o n by i t s e l f i s q u i t e d i f f i c u l t , s i n c e any a r b i t r a r y l i n e w i t h 

v a r i o u s slopes can be c o n s i d e r e d . T h i s i s because of the v a r i a t i o n i n 

r e s u l t s a t the measured f r e q u e n c i e s . 

The p l o t s f o r the doped samples showed the same c h a r a c t e r i s t i c s 

except f o r a constant s h i f t . T h i s i s shown i n F i g . 5.4. At any 

p a r t i c u l a r frequency the value of e' i s i n v e r s e l y p r o p o r t i o n a l to the 

c o n c e n t r a t i o n of Fe i n the samples. I t i s obvious from F i g . 5.4 t h a t the 

doped samples with medium concentarations l i e between high and low con­

c e n t r a t i o n s as expected, i . e . between pure MgO and h e a v i l y doped MgO with 

Fe. However, the s e p a r a t i o n of r e s u l t s i s d i f f i c u l t a t any frequency as 

they l i e w i t h i n the experimental e r r o r s . 

I n F i g . 5.5 the p l o t of e' versus c o n c e n t r a t i o n of Fe was p l o t t e d . 

T h i s not only c l a r i f i e s the e f f e c t of dopant i m p u r i t i e s i n d i e l e c t r i c 

p r o p e r t i e s of MgO but a l s o shows the e f f e c t o f frequency on e'. The 

magnitude of e' a t lower c o n c e n t r a t i o n s i n c r e a s e s e x p o n e n t i a l l y . As 

the c o n c e n t r a t i o n i n c r e a s e s e' g r a d u a l l y decreases and f i n a l l y becomes 

l i n e a r . S t i l l , however, being i n v e r s e l y p r o p o r t i o n a l to the l e v e l of 

c o n c e n t r a t i o n of Fe. The magnitude of e' f o r each sample i s determined 

a t t h r e e d i f f e r e n t f r e q u e n c i e s and shows the decrease with frequency. 

I n F i g . 5.6 the v a r i a t i o n of e'' w i t h frequency f o r pure MgO 

and h e a v i l y doped MgO are shown. The l o s s f a c t o r v a r i a t i o n s were 

obtained using "Eqn. 3.29. Because o f the i n a c c u r a c y i n the measurement 

of the r e f l e c t i o n c o e f f i c i e n t , p, about 45% e r r o r i n the r e s u l t s i s 

expected. The u n c e r t a i n t y i n the measurement of p w i l l be d i s c u s s e d l a t e r . 

The v a r i a t i o n of e'' i s l i n e a r . The mean value i s higher i n 

comparison w i t h the lower frequency data. However, the e f f e c t of Fe 

c o n c e n t r a t i o n may be deduced from these p l o t s and concluded t h a t e'' i s 

d i r e c t l y p r o p o r t i o n a l to the concentrations of the dopant i m p u r i t i e s . 
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The a.c. conductivity,a^^oj) was c a l c u l a t e d from the measured 

l o s s f a c t o r . I t was found t h a t the value o f the c o n d u c t i v i t y i n t h i s 

frequency range, i n comparison to the medium frequencies c o n d u c t i v i t y , 

i s h igher. T h i s i s due to the 45% e r r o r i n the measurement o f the 

r e f l e c t i o n c o e f f i c i e n t . 

I n order to see t h e e f f e c t o f other concentrations of the dopant 

i m p u r i t i e s , a ve r s u s c o n c e n t r a t i o n s of Fe was p l o t t e d i n F i g . 5.7 which 

shows l i n e a r behaviour and d i r e c t p r o p o r t i o n a l i t y to the Fe concentration. 

The p l o t s a l s o show the i n c r e a s e of c o n d u c t i v i t y with frequency. 

The comparison between Fe and Cr doped MgO was made and the 

r e s u l t s a t most f r e q u e n c i e s showed t h a t the c o n d u c t i v i t y f o r Fe/MgO 

was higher than f o r Cr/MgO. 

5.1.3 The R e l a t i o n s h i p between the p and Fe Concentration 

I t i s i n t e r e s t i n g to see how the r e f l e c t i o n c o e f f i c i e n t , p 

v a r i e s f o r d i f f e r e n t c o n c e n t r a t i o n s of Fe i n MgO c r y s t a l s . The r e f ­

l e c t i o n c o e f f i c i e n t was measured f o r various concentrations as shown i n 

Table 5.1. The measurement was performed a t 7.5 GHz. The p l o t of p 

v e r s u s t h e percentage o f Fe con c e n t r a t i o n i s shown i n F i g . 5.8 and i t 

shows t h a t i t i s i n v e r s e l y p r o p o r t i o n a l to the magnitude of Fe i n s i n g l e 

MgO c r y s t a l s . I t i s seen t h a t the slope i s constant up to about 0.7% of 

Fe concentration and then i t r i s e s e x p o n e n t i a l l y . For pure MgO the value 

of p i s 0.97 and d i f f e r s very l i t t l e from p a t s h o r t c i r c u i t (p = 1) . I t 

can be assumed with very l i t t l e e r r o r t h a t they are equal to each other. 

I n F i g . 5.9 the t h e o r e t i c a l p l o t o f VSWR versus r e f l e c t i o n c o e f f i c i e n t 

i s shown. Examining the r e s u l t i n p l o t F i g . 5.9 and comparing w i t h the 

r e s u l t i n F i g . 5.8, may be concluded t h a t there are d i f f i c u l t i e s i n 

measuring VSWR> 65. Therefore our measurements f o r s h o r t c i r c u i t , pure 

MgO and low concentration o f Fe or Cr are not very r e l i a b l e . T h i s e r r o r 
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Nominal Composition 
of Sample 

VSWR, 
S 

AS 
S P P AS 

MgO (pure) 65.7 0.5076 0.97 O.OlO 33.33 

MgO + 310 ppm Pe 24 0.3404 0.92 0.0196 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 ' 

_ _ J.. 

TABLE 5.1 : E f f e c t o f Fe co n c e n t r a t i o n s on S (VSWR) and p ; 

at frequency of 7.5 GHz. 
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d i r e c t l y a f f e c t s the l o s s f a c t o r of the sample, e'', i . e . 

(5.1) 

S u b s t i t u t i o n o f e'' from Eqn. 3.29 i n 5.1 y i e l d s . 

A 2 - Z (p + 2p COS0 +1) d o 

(5.2) 

Apparently i t i s frequency independent but i t i s known. 

S-1 

or 

R o 
Z + Z R o 

(5.3) 

where Z = impedance o f load which terminates the l i n e . Z i s frequency R R 

dependent, t h e r e f o r e , p w i l l a l s o be frequency dependent and consequently 

a from Eqn. 5.2. According to Eqn. 5.2 c o n d u c t i v i t y of each c r y s t a l i s 

r e l a t e d to i t s r e f l e c t i o n c o e f f i c i e n t . Accurate measurements of a 

depend on the accuracy of p. The c o n d u c t i v i t y i s a l s o r e l a t e d to the 

p o s i t i o n o f the f i r s t m.lnimum which gives the phase angle of the r e f l e c t i o n 

c o e f f i c i e n t , 0. The l o c a t i o n of the f i r s t minimxim point f o r any VSWR can 

be measured p r e c i s e l y , thus minimizing the e r r o r s . 

Obviously, the experimental e r r o r i n l o c a t i n g the voltage minimum 

po i n t f o r high VSWR i s l e s s than f o r low VSWR (125) , because i n the 

former case the minimum i s sharper and more defined (126). 

I s h i i and Hsu (125) have shown th a t the magnitude of r e l a t i v e 

e r r o r on voltag e r e f l e c t i o n c o e f f i c i e n t i s not r e l a t e d to the magnitude 

of VSWR i n a range between 2 and 24. Th e i r proposal has been checked 
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i n our experiment and as i t i s seen i n Table 5.1 t h a t ^ v a l u e s are 

almost constant f o r VSWR <24 and decreases w i t h the i n c r e a s e o f VSWR. 

On the o t h e r hand t h e e r r o r i n VSWR,-^ decreases w i t h the 

i n c r e a s e o f VSWR as shown i n Table 5.1. I t i s a l s o c l e a r t h a t f o r small 

VSWR v a l u e s such as MgO + 12,80O ppm Fe, the r e l a t i v e e r r o r i s l e s s than 

the r e l a t i v e e r r o r of pure MgO. 

5.1.4 E r r o r i n S l o t t e d L i n e Technique 

5.1.4.1 Detector c h a r a c t e r i s t i c s 

A l a r g e degree o f e r r o r can r e s u l t from the change i n the 

d e t e c t o r c h a r a c t e r i s t i c a t higher r . f . l e v e l s . The probe which i s 

connected to the diode d e t e c t o r p i c k s up the e l e c t r i c f i e l d i n t h e l i n e 

a t v a r i o u s l e v e l s . The change i n l e v e l to be handled by the detector, 

can t h e r e f o r e be very l a r g e as the probe moves between the maximxim and 

minimum o f the standing wave p a t t e r n . I n order to make sure t h a t the 

readings are meaningful, i t i s important that the diode law i s the same 

a t t h e s e l e v e l s . Any d e v i a t i o n from t h a t w i l l introduce e r r o r s . I t i s 

important to keep the l e v e l s w i t h i n a c e r t a i n constant p o i n t on the diode 

c h a r a c t e r i s t i c and i t i s u s u a l to work i n the square law region. T h i s 

means t h a t the r e c t i f i e d output c u r r e n t i s p r o p o r t i o n a l to the square 

of r . f . power. I n the higher regions the c h a r a c t e r i s t i c becomes; l i n e a r . 

The departure from the square-law may be checked u s i n g an ammeter 

i n s e r i e s w i t h the diode f o r d i f f e r e n t power l e v e l s and t h i s was done i n 

order to minimize t h i s e r r o r (127). The procedure i s explained i n 

Appendix B. 

5.1.4.2 Measurements o f R e f l e c t i o n C o e f f i c i e n t s 

By examining Eqn. 3.31 i t can be deduced t h a t the value of the 

VSWR i s very s e n s i t i v e to small changes i n the magnitude of r e f l e c t i o n 

c o e f f i c i e n t when i t i s c l o s e to u n i t y (89). T h i s can be seen i n F i g . 5.9. 

When the l i n e i s low-loss and the sh o r t c i r c u i t r e f e r e n c e i s used the 

r e f l e c t i o n i s very near to u n i t y and l i a b l e to l a r g e e r r o r s . 
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The r e f l e c t i o n c o e f f i c i e n t o f a sh o r t c i r c u i t e d l i n e was measured 

a t 7.5 GHz the magnitude o f r e f l e c t i o n c o e f f i c i e n t f o r the s h o r t c i r c u i t 

c o n d i t i o n was P = 0.9799. T h i s showed t h a t the f i g u r e was questionable 

and the e r r o r p o s s i b l y occurs i n the method of measurement. However, 

the measurements o f VSWR and determination of P f o r pure MgO and MgO 

doped w i t h d i f f e r e n t c o n c e n t r a t i o n w i t h Fe, were s t i l l v a l i d on the 

r e l a t i v e b a s i s . 

5.1.4.3 Harmonics and Frequency Modulation 

The output from any s i g n a l generator e s p e c i a l l y a t higher 

f r e q u e n c i e s w i l l always be d i s t o r t e d and consequently contain harmonics. 

I n a d d i t i o n there w i l l a l s o be d i f f i c u l t i e s i n the measurements and 

introduce e r r o r s i n the r e c t i f i e r diode c u r r e n t and d e t e c t i o n . The 

d i f f i c u l t i e s may a r i s e i n e s t a b l i s h i n g the minimum and maximum a t the 

fundamental frequency i n t h e presence of the other harmonics. T h i s can 

be overcome by continuously checking the d i s t a n c e between two minima which 

must be a h a l f of wavelength { ̂  ) at the fundamental frequency. Harmonics 

can be u s u a l l y reduced t o n e g l i g i b l e value by using low-pass f i l t e r s as 

shown i n Fig.3.8. 

Frequency modulation i s u s u a l l y produced when the generator i s 

amplitude modulation. The e f f e c t o f t h i s on the a p p l i e d s i g n a l can 

introduce l a r g e e r r o r s f o r high VSWR because of the d i s t o r t i o n i n the 

standi n g wave p a t t e r n . Square wave modulation may be used to minimize 

the frequency modulation ( 8 6 ) . 

5.1.4.4 Probe P e n e t r a t i o n E r r o r 

When measuring a high VSWR i t i s sometimes necessary to i n c r e a s e 

the probe coupling to obtain a reading a t the voltage minimum. T h i s 

i n c r e a s e i n coupling may r e s u l t i n a deformation of the p a t t e r n a t the 

volt a g e maximum and hence introduce some e r r o r . T h i s may be one of the 

major sources of e r r o r i n standing wave measurements (127). An e x c e s s i v e 

coupling t o the l i n e may a l s o cause a s h i f t i n the p o s i t i o n of maxima and 
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minima because o f the c a p a c i t i v e e f f e c t between the probe and the s l o t t e d 

l i n e . A l l these e r r o r s can r e s u l t i n the measured VSWR t o be lower than 

i t a c t u a l l y i s (95). 

I n order t o minimize the e r r o r s dua t o excessive coupling a high 

s e n s i t i v i t y c r y s t a l detector should normally be used and the probe pene­

t r a t i o n should not be more than 5 t o 10% o f the i n t e r n a l cross-section of 

the l i n e (97) . For the best performance i t i s obvious t h a t the probe 

coupling should be as small as po s s i b l e . 

5.2 MICROWAVE REGION 

The d i e l e c t r i c constant, e', loss f a c t o r , £*' and a.c. conduct­

i v i t y , a (w) obtained f o r the pure MgO and MgO doped w i t h d i f f e r e n t 

concentrations o f Fe or Cr a t X-band (9.3 GHz) are summarized i n Table 

5.2. The values given represent average values o f several measurements 

c a r r i e d out on pure and doped MgO w i t h d i f f e r e n t concentrations. The 

magnitude o f e' decreases as the concentration o f i r o n or chromiiom 

increases. But the magnitudes of e'' and o(a)) are d i r e c t l y p r o p o r t i o n a l 

t o the concentration o f Fe or Cr i n the c r y s t a l . 

I t was found t h a t the loss measurements (consequently c o n d u c t i v i t y ) 

were more d i f f i c u l t t o carry out than the measurements of the d i e l e c t r i c 

constant. Because e'' i s r e l a t e d t o the change o f Q values o f the c a v i t y 

(Eqn. 3.51) and determination o f Q requires great accuracy. 

I n t h i s experiment the unloaded Q (Q^) was found t o be about 

9000 i n comparison t o the c a l c u l a t e d value of 11400. This d i f f e r e n c e 

can be accounted f o r by the losses i n the c a v i t y w a l l surfaces. 

The t h e o r e t i c a l resonant frequency, f ^ i n p a r t i c u l a r TE-|^q-|^ 

mode, was c a l c u l a t e d and i t was 9.5 GHz ; however i n p r a c t i c e due t o 

losses i n s i d e the c a v i t y and also other imperfections, t h i s frequency 

dropped t o 9.398 GHz. 
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By i n s e r t i n g a sample i n t o the c a v i t y , the e l e c t r i c f i e l d 
i n s i d e the sample i s a f f e c t e d by the shape o f the sample (101). I n 
t h i s experiment i t was placed v e r t i c a l l y on a t h i n s i l i c o n rod which 
was suspended i n s i d e the c a v i t y . The width of the sample must not be 
wider than the diameter o f the rod as the e l e c t r i c f i e l d w i l l not then 
be uniform i n the sample. This was checked by p u t t i n g the sample i n 
v e r t i c a l and h o r i z o n t a l p o s i t i o n s . The magnitude o f e' i n h o r i z o n t a l 
p o s i t i o n was less than t h a t i n the v e r t i c a l p o s i t i o n . The sample 
should be placed i n a uniform and strong e l e c t r i c f i e l d region which i n 
the TE-î Qĵ  mode i s a t the centre o f the c a v i t y and o f the same strength 
from top t o bottom. 

The resonant frequency versus i n s e r t i o n length o f the s i l i c o n 

rod was p l o t t e d i n F i g . 5.10. This r e l a t i o n was p l o t t e d again when the 

samples have been placed on the end o f the s i l i c o n rod (F i g . 5.11) . Both 

p l o t s showed l i n e a r r e l a t i o n s h i p and the s h i f t i n frequency f o r p a r t i c u l a r 

p o s i t i o n was the same, i . e . both v a r i a t i o n s have the same slope and they 

are p a r a l l e l t o each other. As a r e s u l t the sample can be put anywhere 

between these two p l a t e s , i . e . top and bottom p l a t e s o f the c a v i t y . At 

the same time Q o f the c a v i t y versus the length o f the rod i n s e r t i o n 

l e n g t h was p l o t t e d i n Fig.5.12. The c a v i t y has maximum Q when the rod 

i s a t 11.5mm from the top p l a t e . The samples were put a t t h a t p o i n t and 

the d i f f e r e n c e of two Q's was c a l c u l a t e d . These experiments were 

necessary because the high accuracy o f the p e r t u r b a t i o n formula would 

only be r e a l i s e d i f the specimen shape i s s u i t a b l y chosen and i f t h e 

specimen i s s u i t a b l y placed i n the c a v i t y . 

For the lowloss m a t e r i a l s and since the losses i n the samples 

are small, the change i n Q i s low, however, t h i s produces a large 

change i n e'' (Eqn. 3.51). 

D i f f e r e n t sizes of samples have been te s t e d . Samples of small 

volume presented some d i f f i c u l t i e s . Variations o f ~ versus volume of 
o 
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the samples are p l o t t e d i n F i g . 5.13. The value o f e' f o r the r a t i o 

o f - 0.005 was obtained f o r the volume o f about 4 mm"̂ . 
^o 

5.3 DISCUSSION 

I n order t o i n v e s t i g a t e the r e l i a b i l i t y o f the s l o t t e d l i n e 

technique, measurements were c a r r i e d out f o r each sample several times. 

The f i n a l r e s u l t was deduced by averaging the spread. As a r e s u l t 

of t h i s procedure i t was found t h a t the f o l l o w i n g conclusions may be 

drawn. 

(1) The magnitude o f d i e l e c t r i c constant, e' i s dependent more 

on the distance o f the f i r s t minimum (x) than the loss f a c t o r , e''. 

Very small changes i n x, give large changes i n e'. For accuracy the 

distance x, was measured using a micrometer. 

(2) The sample holder was a p a r t o f the extended inner con­

ductor as shown i n F i g . 3.6 whose diameter was v a r i e d . I t showed t h a t 

as the diameter o f the inner conductor increases the e' and e'' both 

decrease. The magnitude o f VSWR was found t o be i n v e r s e l y p r o p o r t i o n a l 

t o the diameter o f the sample holder. The diameter of 3.18mm was used t o 

o b t a i n the va,lue o f e' and e''. The e r r o r o f measuring the diameter was 

estimated t o be about 1.5%. 

(3) The e f f e c t o f thickness o f the sample, d, has been t e s t e d 

on the magnitudes o f e' and e'' and i t was found t h a t i t d i d not a f f e c t 

the r e s u l t t o any extent. The e r r o r i n measuring the thickness of d 

was i n t h e order o f 1.5%. 

(4) The most c r i t i c a l measurement using the s l o t t e d l i n e tech­

nique was t h a t o f the r e f l e c t i o n c o e f f i c i e n t , p , because i t s magnitude f o r 

the samples used w i l l normally be close to u n i t y . I t was discussed i n 

s e c t i o n 5.1.3 t h a t very small changes i n |p| w i l l produce large changes 

i n the magnitude o f e"' hence the measurement o f r e f l e c t i o n c o e f f i c i e n t 

i s o f great importance. 
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Because o f the losses i n the s l o t t e d l i n e and imperfect 

connectors the measured p| i s lower and the r e f o r e the magnitude o f e' ' 

w i l l always be higher than i t s t r u e value. There i s no way o f c o r r e c t i n g 

t h i s e r r o r except by using more s e n s i t i v e instruments. 

(5) Evaporation o f gol d on the polished surfaces o f samples 

increases the magnitude o f e' and a by about 1.2% and 20% r e s p e c t i v e l y . 

This was deduced from the increase o f VSWR o f MgO doped w i t h 6,20O ppm 

Cr as shown i n Fig . 5.14. Therefore, t o avoid t h i s increase of a, a l l 

samples were measured w i t h o u t i n t r o d u c i n g gold. 

The v a r i a t i o n o f magnitude o f e' w i t h frequency f o r pure MgO 

i n the s l o t t e d l i n e technique changes l i n e a r l y and i t i s i n good agree­

ment w i t h Jonscher's Universal Law, i . e . 

e- (0 ) ) cc <,^-l 

where i n general 0<n<l and i t was found t o be 0.98. I t i s seen t h a t 

the experimental r e s u l t s obtained from two methods l i e on a same l i n e . 

The behaviour of a very h e a v i l y and medium doped specimen showed 

t h a t they have s i m i l a r c h a r a c t e r i s t i c s (Pig. 5.4). However, h e a v i l y 

doped samples showed lower e' than the l i g h t l y doped ones f o r the same 

frequency. From Table 5.2 i t was also found t h a t t h i s e f f e c t was present 

and E ' i s decreasing by incr e a s i n g concentration of Fe or Cr. 

From F i g . 5.6, i t i s concluded that the loss f a c t o r , e'' f o r the 

doped sample i s higher than i n the case of pure MgO. The p l o t s show t h a t 

they also f i t the "Universal Law", i . e . 

I I ; \ n-1 

The data o f a.c. c o n d u c t i v i t y of pure MgO and h e a v i l y doped MgO 

versus frequency showed t h a t both change l i n e a r l y w i t h the slope o f 
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n = 0.98. The r e s u l t s agree w e l l w i t h the "Universal Law", i . e . 

a^^(a)) cc 0 ) " (5.6) 

The p e r t u r b a t i o n technique used here i s s u i t a b l e f o r measuring 

the d i e l e c t r i c p r o p e r t i e s o f high loss m a t e r i a l s . The p r i n c i p l e of 

the method i s based on the p e r t u r b a t i o n theory and consequently some 

assumptions are made, i . e . 

(1) The basic assumption i s th a t the change o f f i e l d i s small 

on the i n t r o d u c t i o n o f the sample (110), The sample must t h e r e f o r e be 

as small as possible. 

(2) The homogeneity o f the specimen should be maintained since 

t h i s gives e r r o r i n e'. 

(3) An assumption has been made t h a t the shape o f the sample 

i s such t h a t the e l e c t r i c f i e l d i n s i d e i s equal t o the e l e c t r i c f i e l d 

o utside i t . 

(4) I d e a l l y must be less than O.Ol i n the Eqn. 3.50 t o 

prevent large e r r o r s i n the c a l c u l a t i o n s . 

To meet the requirement (4) above i s d i f f i c u l t since i n p r a c t i c e 

Af 
— equalled about 0.5. I f i t i s less than 0.05, i t presents d i f f i c u l t i e s 
o 

i n measurement and i f i t i s greater than 0.05, i t v i o l a t e s p e r t u r b a t i o n 

theory. 

I n the measurements o f Q and the resonant frequency, f ^ , the main 

sources o f e r r o r were e s s e n t i a l l y i n the determination o f the 3dB band­

w i d t h , i . e . 

(a) due t o the inaccuracy o f the attenuators (systematic 

(b) due t o the wavemeter (110) c a l i b r a t i o n and f l u c t u a t i o n s 

(systematic and random e r r o r ) . The reasons f o r the e r r o r i n the wave-

meter readings may be i n t u r n a t t r i b u t e d t o , ( i ) instabi;^^i^!=!ef, the 

S E C T I O N 
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microwave source, and ( i i ) the e r r o r i n the c a l i b r a t i o n of tJae wavemeter 
i t s e l f . 

(c) the e f f e c t o f the c r y s t a l detector i n measuring the VSWR 

because o f the d i f f e r e n c e i n the detector c h a r a c t e r i s t i c a t minimum and 

maximum readings. I t s c h a r a c t e r i s t i c may be checked (Appendix B) and 

i t was assumed t o have square law c h a r a c t e r i s t i c . 

(d) due t o the small mismatch obtained using coupling screws. 

I n the s l o t t e d - l i n e technique i n order t o achieve accurate 

r e s u l t s , the s l o t t e d - l i n e and associated apparatus should s a t i s f y the 

f o l l o w i n g requirements : 

1. A good q u a l i t y s l o t t e d - l i n e must be used. 

2. The connections must be f i r m and r i g i d . 

3. Determinations must use connectors which are dimensionally 

and e l e c t r i c a l l y i d e n t i c a l t o the s l o t t e d - l i n e . 

4. The sample holder must be so designed t h a t i t does not 

a f f e c t the c h a r a c t e r i s t i c o f s l o t t e d - l i n e , i . e . i t must be tested and 

c a l i b r a t e d w i t h o u t sample. 

5. The c h a r a c t e r i s t i c o f the detector must be c a l i b r a t e d . 

5. The geometrical dimensions o f the sample should i d e a l l y be 

smaller than the wavelength used. 

7. The detector and the probe should be w e l l screened against 

s t r a y f i e l d s . 

8. The sample should p r e f e r a b l y have p a r a l l e l and w e l l p o l i shed 

surfaces. Also the surfaces o f the sample holder should be smooth. 

9. F i n a l l y , i t must be ensured t h a t s i g n a l source i s s t a b l e i n 

amplitude and frequency ; also has low harmonic content. 

The s l o t t e d - l i n e method i s p a r t i c u l a r l y s u i t a b l e f o r lossy 

d i e l e c t r i c m a t e r i a l (96), because i t produces a lower |p| . Measure­

ments o f r e f l e c t i o n c o e f f i c i e n t when i t i s close t o u n i t y are d i f f i c u l t 
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and u n r e l i a b l e . The technique gives d i r e c t i n f o r m a t i o n about the 
magnitudes of e' and e'' and t h e i r behaviour w i t h frequency. 

I t i s po s s i b l e t o measure higher VSWR w i t h i n the square-law 

region of the diode. The method w i l l be e n t i r e l y s u i t a b l e f o r the 

determination o f the d i e l e c t r i c constant o f m a t e r i a l . The low values 

of detector c u r r e n t a t the minima of the standing wave p a t t e r n may be 

measured using an electrometer instrximent which f o r t h i s p r o j e c t was 

not a v a i l a b l e . I n t h i s case the power standing wave r a t i o w i l l be 

obtained from which VSWR can be calc u l a t e d and hence the r e f l e c t i o n 

c o e f f i c i e n t . 

I n order t o overcome the u n r e l i a b i l i t y o f s l o t t e d l i n e tech -

nicjue i n measuring d i e l e c t r i c p r o p e r t i e s of low loss materials due t o 

e x i s t i n g high VSWR, another method has been suggested. The method i s 

c a l l e d "Comparison Method" and i s explained i n d e t a i l (Appendix D). 

Due t o lack of time i t has not been developed although some 

i n i t i a l t e s t s were undertaken which proved s a t i s f a c t o r y and r e l i a b l e . 

This i s l e f t f o r the f u t u r e work i n the instrumentation and measurement 

o f complex d i e l e c t r i c constants. 
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CHAPTER 6 

DISCUSSION OF ROOM TEMPERATURE DATA 

6.1 RELATIVE ADVANTAGES OF THE MEASUREMENT TECHNIQUES 

Generally speaking the advantages o f each method over the others 

cannot be e a s i l y d i s t i n g u i s h e d since each technique i s the most s u i t a b l e 

f o r a p a r t i c u l a r frequency range and they d i f f e r from each other i n 

important e s s e n t i a l s . For a b r i e f comparison o f the methods used i n 

the present p r o j e c t , some o f t h e i r s p e c i f i c a t i o n s are presented i n 

Table 6.1 ; t h i s enables comments to be made on the s e n s i t i v i t y and 

accuracy of each method. I t i s important t o r e a l i s e t h a t the advantage 

o f each technique v a r i e s according t o the type o f ma t e r i a l under i n v e s t i ­

g a t i o n , t h e r e f o r e the conclusions on t h e i r r e l i a b i l i t i e s are l i m i t e d by 

the d i e l e c t r i c behaviour o f the m a t e r i a l examined i n the frequency range 

used. 

For both pure MgO and doped MgO, the bridge method was found 

very s u i t a b l e and r e l i a b l e f o r low frequency measurements. Some 

co r r e c t i o n s f o r edge e f f e c t s were needed i n the c a l c u l a t i o n o f e' and 

e''. I t i s very s e n s i t i v e t o small changes i n the magnitude of conduct­

ance and capacitance f o r the sample under t e s t . Therefore, i t can be 

used t o determine the e f f e c t o f very small percentages o f dopant 

i m p u r i t i e s on the magnitude of c o n d u c t i v i t y or d i e l e c t r i c constant 

(assuming t h a t specimens o f s u i t a b l e area and thickness are a v a i l a b l e ) . 

I n the Q-meter method, by cont r a s t , great accuracy i s required 

i n p l a c i n g the sample i n i t s previous p o s i t i o n between the electrodes 

since (due t o measuring procedure) the sample must be taken out o f the 

j i g and then replaced. I t s accuracy i s not as high as t h a t o f the 

b r i d g e , but s t i l l i t was found t o be a very r e l i a b l e technique f o r 
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MgO s i n g l e c r y s t a l s . The o p e r a t i o n a l frequency range i s shorter than 

t h a t f o r the bridge. I t was observed t h a t on increasing the frequency 

the i n d u c t i v e e f f e c t of the assembly and other c i r c u i t elements becomes 

s i g n i f i c a n t and under these c o n d i t i o n s i t does not give t r u e values o f 

capacitance or Q o f the c i r c u i t . This e f f e c t u s u a l l y manifests i t s e l f 

a t about 4 MHz and data o f over t h i s l i m i t cannot be regarded as 

acceptable. 

The gr e a t e s t advantage o f the coaxial l i n e i s t h a t , i t covers 

q u i t e a wide range a t high frequencies ( r . f . range). I n p r a c t i c e , 

however, some d i f f i c u l t i e s were encountered due t o the c h a r a c t e r i s t i c s 

of the MgO samples. For instance the method o f measuring VSWR of the 

standing wave created on the l i n e due t o the i n s e r t i o n o f a sample was 

found t o be very c r i t i c a l and time consuming. Because pure MgO i s 

i n h e r e n t l y a low loss m a t e r i a l , the VSWR on the l i n e was consequently 

very high. Other methods f o r VSWR measurement were t r i e d b ut proved 

e i t h e r impossible or u n r e l i a b l e . The present technique i s not s u i t a b l e 

f o r low loss m a t e r i a l b u t i t w i l l give reasonable data f o r high loss 

m a t e r i a l s which i s i t s conventional area of a p p l i c a t i o n . This technique 

does not g i v e d i r e c t readings o f e' and e''. The method can be developed 

however, and some suggestions and c a l c u l a t i o n s f o r d e r i v a t i o n o f e' and 

e'' were made and are given i n Appendix D. Due t o the lack of time i t 

was not possible t o use these developments i n t h i s p r o j e c t . 

F i n a l l y , the c a v i t y resonator (perturbation) method has been 

found t o be a very appropriate technique f o r measuring the d i e l e c t r i c 

p r o p e r t i e s o f low loss m a t e r i a l s such as MgO. I t gives the highest 

accuracy when measuring d i e l e c t r i c constant but some d i f f i c u l t i e s were 

encountered i n the determination o f the loss f a c t o r . I n general t h i s 

method i s o f t e n simple, convenient and reasonably accurate, e s p e c i a l l y 

f o r low values of e' and moderate losses ; even f o r low loss m a t e r i a l 
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i t s t i l l gives reasonable data although i t does not give direct readings 

of e* and e''. I t i s known that e'' i s 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 i s needed to make a r e l i a b l e determination of t h i s change. In t h i s 

method the effect of variation of room temperature has been also i n v e s t i ­

gated ; data obtained at different times and s l i g h t l y different tempera­

tures Were compared and gave 0.5% error in e' and 1% in the conductivity 

for a change of temperature of between 3-5° C. 

In a l l the techniques the 3% uncertainty i n the results may be 

caused mostly by errors i n the sample thickness measurements and by the 

non-uniformity of the sample thickness or the surface of the electrodes. 

I t i s concluded that more precision i s required in measuring the thick­

ness of the samples and controlling their geometry. 

I t was f e l t that the results obtained using the bridge and 

Q-meter are more accurate than those obtained using the slotted-line 

technique ; and more r e l i a b l e results could be obtained only up to 4 MHz 

in the l a t t e r method. Unquestionably, the most precise results were 

obtained at microwave frequencies where the 0.5% 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 i n principle f a i r l y be extended to longer wavelengths 

(e.g. 3 GHz) , where the cavity dimensions are increased, to give an over­

lap with the slo t t e d - l i n e . 

The error i n the measurement of d i e l e c t r i c constant with the 

bridge method was estimated as + 3% and for conductivity j- 4%. Edge 

eff e c t corrections were about 8% in the e' and 10% in the conductivity. 

In the Q-meter method error in e' was increased to + 5% for d i e l e c t r i c 

constant and + 17% for conductivity. The edge effect correction has 
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the same value as i n the bridge method. The accuracy of the present 

sl o t t e d - l i n e technique i s +_ 12% for the d i e l e c t r i c constant and + 45% 

for conductivity. The errors in the cavity resonator method were e s t i ­

mated at about 1 to 2% on the d i e l e c t r i c constant but higher {'\' 5%) 

i n the conductivity. As Bussey (128) pointed out for those materials 

which have e' = 2 to 10 the error i n the cavity method i s increased by 

increasing the frequency. 

I t may be concluded that the comparison has been worthwile, 

especially because i t gives a good indication of the actual l i m i t s of 

accuracy of each technique and of the respective s u i t a b i l i t i e s of the 

methods for the study of materials with particular c h a r a c t e r i s t i c s . 

6.2 COMPARISON WITH JONSCHER'S THEORY 

The complex d i e l e c t r i c constant behaviour 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 d i e l e c t r i c 

constant was the o r i g i n a l object of t h i s work. Therefore, the frequency 

dependence of cJ^^w) has been investigated and the conductivity versus 

frequency variation was plotted in Fig.6.1, for pure MgO. This i l l u s t r a t e s 

the combination of the individual sets of results obtained i n the d i f f e r ­

ent ranges of frequency. As can be seen, the data obtained from the 

bridge and Q^meter l i e on a good straight l i n e which, when extrapolated, 

includes the microwave results ; i t s slope was measured as 0.984 + 0.02, 

i . e . the li n e a r frequency dependence of ô !̂̂ ) was observed in the whole 
9 

frequency region (f $ 9.3 x 10 Hz). This variation agrees with the 

Jonscher "Universal Law" 

^ ac "̂'̂  " ."̂ ^ (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 i s due to a 
systematic error and i t s origin was explained i n Chapter 5. 

The effect of doping impurities (especially iron) has been 

f u l l y examined. A dependence following a « o)" with the same magni­

tude of n was also observed i n magnesium oxide doped with different 

concentrations of Fe ; t h i s data i s also given i n Fig.6.1. I t can be 

compared with the r e s u l t of pure MgO and hence i t i s concluded that the 

iron dopant considerably increases the conductivity of the sample. The 

reason for this e f fect was discussed i n Chapter 4 where i t was suggested 

that the iron impurities play an important role i n the conduction mechan­

ism i n that th e i r introduction into the sample produces extra vacancies 

which contribute to the conduction by providing additional hopping s i t e s . 

Since the slope of the l i n e i s the same for a l l samples i t can 

therefore be concluded that over a l l the frequency range conduction i s 

b a s i c a l l y due to the same type of mechanism. 

In order to see the effect of chromium i n the conductivity, i t s 

variation with frequency was plotted i n Pig. 6.2. I t showed similar 

c h a r a c t e r i s t i c s to Fe/MgO. Comparison between two samples doped with 

different impurities but to almost the same doping l e v e l can be made 

by noting the conductivity of MgO + 4,300 ppm Fe i n Fig.6.2. The 

variation for both samples p a r a l l e l to each other but at any particular 

frequency the conductivity of the Fe doped sample i s higher than the 

Cr doped specimen. 

I n Fig.6.3 the data of d i e l e c t r i c constant e' 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 l i e s on p a r a l l e l 

straight l i n e s and f i t s the "Universal Law" 

e' (w) « o)""-*- (6.2) 
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with n = 0.985 -h 0.02 supporting the idea that the same hopping 
mechanism applies over the whole range of frequencies. Comparison 
of the variation of e' with frequency for the heavily doped Pe/MgO 
shows that at a l l frequencies i t s d i e l e c t r i c constant i s lower than 
that of the pure MgO ; the values for the Cr/MgO specimen were in 
distinguishable from those of the pure MgO. 

The variation of loss factor,^ e'' of pure MgO and heavily doped 

Fe/MgO were plotted i n Fig.6.4 (a) and both exhibit similar character­

i s t i c s . The microwave data also l i e s on the extrapolated low frequency. 

The slotted l i n e r e s u l t s have a considerable error and are displaced 

(as already noted) from the extrapolation ; however, they s t i l l keep 

the same r e l a t i v e differences as they have at low frequency. The 

variations are l i n e a r with slope 0.985 and agree very well with the 

"Universal Law" 

e " (o)) « i>i^~^ (6.3) 

Further comparison of Cr and Fe doped samples i s given by their 

loss factor behaviour, plotted i n Fig.6.4 (b) , which shows char a c t e r i s t i c s 

s i m i l a r to th e i r conductivity plots. 

F i n a l l y , the loss tangent for pure MgO was plotted i n Fig.6.5 

and i t also showed l i n e a r changes over a l l the frequency range. 

The important information to be obtained from Fig.6 .4(a) and 

Fig . 6.4(b) i s the dependence of the d i e l e c t r i c loss on the composition 

of the samples ; i t i s c l e a r that the dependence i s much stronger i n Fe 

se r i e s than i n the Cr. 

The re a l and imaginary parts of complex d i e l e c t r i c constant are 

related to each other through the Kramers-Kronig relations, 

, , • = cot —- = constant (6.4) 
e' (u) - e„ 2 
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This r a t i o has been calculated from the experimental data at a number 

of points i n the frequency range from 500 Hz to 9.3 GHz and some data 

for two samples i s tabulated at particular frequencies in Table 6.2. 

According to Jonscher and Deori (67), this r a t i o i s smaller than unity 

for n >0.5 and becomes larger than unity for n< 0.5. 

In deriving r a t i o values the d i r e c t l y measured microwave 

estimate was used for . For both specimens the ratio i s about 0.07 

and i s constant up to 1 MHz ; inserting the value of n as n = 0.98 gives 

cot 1 ^ = 0.03. Thus, there appears to be f a i r agreement with 

equation 6.4 (up to 1 MHz) and further,the r a t i o i s smaller than unity 

as expected. 

At high frequencies (500 MHz and 1 GHz) the rat i o values are 

much larger than cot | ~ ; t h i s may be due to the growing i n v a l i d i t y 

of taking the microwave value for at frequencies approaching a few 

(3Hz and i t i s probable that the limiting (optical) value for should 

be used instead. 

A l l the evidence i s consistent with the suggestion that the 

charge c a r r i e r s involved i n the conduction mechanism move by single 

hops, the c a r r i e r being either electrons or holes. However, in t h i s 

work no attempts have been made to determine the nature of charge 

c a r r i e r s . Regarding previous work on the nature of charge c a r r i e r s 

(Chapter 1, Section 1.2, and Table 1.2) the distinction between ionic 

and electronic c a r r i e r s i s s t i l l not defined and there i s conflicting 

evidence among those who work on t h i s material. 

The observed frequency dependence of conductivity can be best 

described by a thermally activated hopping model. The r e l a t i v e increase 

of the a.c. conductivity suggests that localized states, generated by 

impurities or structural defects, may contribute to the conduction 

mechanism ; c a r r i e r s hop between localized states randomly distributed 
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throughout the c r y s t a l . 

According to the predictions of the pair model the conductivity 

i n the low-frequency region i s given by Eqn. 6.1 and hopping occurs 

exclusively between pairs of impurities. Pollak and Geballe (53) have 

shown that i f hopping takes place between a random distribution of 

l o c a l i z e d states then a(a)) « ui^ 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 nultiple hops occur frequently. This 

frequency dependence of conductivity becomes weaker at higher tempera­

tures (129) and t h i s w i l l be discussed in the next Chapter. 

A l l the predictions of the theory for randomly distributed hop­

ping states are s a t i s f i e d for MgO and doped MgO at room temperature. 

I t has been suggested (2,15,20) that iron increases the cond­

u c t i v i t y of MgO. Ions of Fe^^ in the MgO l a t t i c e increase the electron 

and singly ionized Mg vacancy concentrations, and at the same time 

decrease the hole concentration. The le v e l of vacancy concentration and 

hence the conductivity appears to be dominated by variable valence iron 

impurities ( 11). 

I t i s concluded from the present discussion that the entire 

interpretation of the interesting and varied d i e l e c t r i c response of pure 

and doped MgO can be placed within the framework of the "Universal Law" 

of d i e l e c t r i c response. 
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CHAPTER 7 

HIGH TEMPERATURE RESULTS IN THE LOW FREQUENCY RANGE 

7.1 RESULTS 

The determination of the r e a l and imaginary components of complex 

d i e l e c t r i c constant, e' and e'' and the conductivity a (lo) at high 

temperatures from room temperature to 700° C was carried out, as previously 

using the capacitance and conductance of each sample. 

7.1.1 Conductivity-Temperatxire Characteristics 

The variation of a.c. conductivity, a (u)) with temperature 

were plotted (Log^^a V T ''") i n Fig.7.1 at different frequencies for 

heavily iron-doped magnesixjm oxide. Similar c h a r a c t e r i s t i c plots were 

obtained for pure MgO and MgO doped with iron and chromiiM impurities. 

I t can be seen f i r s t that i n the lower temperature region ( < 55o° C) 

the conductivity i s strongly frequency dependent, while at higher 

temperatures ( > 550° C) i t has the same magnitude at a l l frequencies. 

Secondly, there are three different regions which can be distinguished 

by the bends in the c h a r a c t e r i s t i c outside of which the experimental 

points follow s t r a i g h t l i n e s . The f i r s t region s t a r t s from room temp-
o o erature and extends to about 100 C. The second begins about 100 C 

and continues to 550° C and f i n a l l y the third i s from 550° C to 700° C. 

At a constant frequency the slope of the experimental l i n e i s different 

in each region indicating that the conduction mechanism i s changing i t s 

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 pa r t i c u l a r temperature below 700 C the magnitude of the conduct­

i v i t y i s almost d i r e c t l y proportional to the applied frequency ; t h i s 
o proportionality vanishes above 700 C and a (w) becomes frequency ac 



0.4 RX 
— r 

20 KHz 

10 KHz 

2 , 3 TTo'l-r 
FIG.71 VARIATION OF a VS 4" AT DIFFERENT ^ 

FREQUENCIES; M g O 12,600 ppm Fe 
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independent. 

In F i g . 7.2 the Log^^o versus T plots are 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 a l l the samples at almost the same temperature and the individual 

c h a r a c t e r i s t i c s are very s i m i l a r . An important r e s u l t of t h i s i s that, 

'at any temperature the magnitude of a (to) i s d i r e c t l y proportional 

the concentration of the dopant impurities'. Also, the rat i o of 

—- • • • i s the same i n each region. Heavily Pe-doped magnesivmi 
pure/MgO 

oxide has the highest value of conductivity and the data for medium 

doping l e v e l s l i e s between that of pure and heavily-doped MgO. 

Comparison of those samples doped to the same le v e l but with 

different dopant ions (e.g. MgO + 4,300 ppm Fe and MgO + 3,600 ppm Cr) 

showed that althogh the c h a r a c t e r i s t i c s were similar the magnitude of 

conductivity for Cr-doped MgO i s lower than for Fe-doped at temperatures 
o 

below 550 C. 

7.1.2 Conductivity-Frequency Characteristics 

The variation of a.c. conductivity, a (co) , with frequency at 

different temperatures for pure MgO i s i l l u s t r a t e d i n Pig,7.3. Below 

about 550°C a l l the data l i e s on a family of almost straight l i n e s 

whose slopes gradually decrease with increasing temperature. The change 

in the slopes,was from n = 0.85 to n = 0.84 in the f i r s t region (rocan-

temperature - 150°C) and from n = 0.84 to n = 0.69 in the second range 

(150°C-550°C). At the highest temperature there appear to be departures 

from l i n e a r i t y which become progressively more pronounced as the tempera­

ture increases. Thus at 700°C for example a (w) appears to be almost 

constant over the frequency range 50O Hz to l o kHz after which 

a (co) a 0 ) " with an n value of 0.5. ac 
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The v a r i a t i o n o f <J (") v e r s u s f r e q u e n c y f o r MgO doped w i t h 

4,300 ppm Fe, 12,800 ppm Fe and 3,600 ppm Cr a t d i f f e r e n t t e m p e r a t u r e s 

a r e g i v e n i n F i g s . 7 . 4 , 7.5 and 7.6, r e s p e c t i v e l y . They showed s i m i l a r 

c h a r a c t e r i s t i c s t o p u r e MgO ( F i g . 7 . 3 ) except t h a t t h e r e i s no evidence 

f o r f l a t r e g i o n s i n t h e h i g h e r t e m p e r a t u r e d a t a . Comparing p l o t s o f 

F i g s . 7.3 and 7.5 shows t h a t t h e magnitude o f t h e c o n d u c t i v i t y was 

c o n s i d e r a b l y i n c r e a s e d i n t h e h e a v i l y Fe-doped MgO c r y s t a l . T h i s 

e f f e c t has a l r e a d y been p o i n t e d o u t a t room t e m p e r a t u r e b u t i s now a l s o 

f o u n d t o be t r u e a t h i g h t e m p e r a t u r e s . A t c o r r e s p o n d i n g t e m p e r a t u r e s 

a l l t h e p l o t s r e l a t i n g t o t h e medium c o n c e n t r a t i o n (4,300 ppm Fe) l i e 

between t h e s e extremes. Comparison o f Figs.7.4 and 7.6 a l s o shows i n 

c o n c l u s i o n t h a t t h e e f f e c t o f Fe i o n s i n i n c r e a s i n g cJ^^((i)) i s l a r g e r 

t h a n o f Cr and i s s t i l l v a l i d a t h i g h t e m p e r a t u r e s . 

I n o r d e r t o c l a r i f y t h e e f f e c t o f t h e d i f f e r e n t i m p u r i t y l e v e l s 

on t h e c o n d u c t i v i t y o f MgO, t h e r a t i o o f f o r d i f f e r e n t con-
pure/MgO 

c e n t r a t i o n s o f Fe was c a l c u l a t e d f r o m F i g s . 7.3-7.6 a t d i f f e r e n t tempera­

t u r e s f o r v a r i o u s f r e q u e n c i e s . These r a t i o s a re t a b u l a t e d i n T a b l e 7.1 

which a l s o i n c l u d e s t h e r a t i o s o f J'^/^!^^— f o r t h e Cr-doped samples 
pure/MgO 

7.1.3 D i e l e c t r i c C o n s t a n t (e') Frequency C h a r a c t e r i s t i c s 

The e f f e c t o f t e m p e r a t u r e on t h e magnitude o f e' f o r p u r e MgO 

i s shown i n F i g . 7 . 7 . The i n d i v i d u a l p l o t s were l i n e a r b u t t h e i r s l o p e s 

i n c r e a s e as t h e t e m p e r a t u r e i n c r e a s e s . 

The c o r r e s p o n d i n g d a t a f o r MgO doped w i t h 12,800 ppm Fe has 

been p l o t t e d i n F i g . 7 . 8 . I t showed s i m i l a r c h a r a c t e r i s t i c s t o pure MgO 

and t h e d a t a i s i n good agreement w i t h t h e r e l a t i o n e' (u)) « ŵ"""''̂  

w i t h Cr/MgO ( F i g . 7.9) t h e same g e n e r a l p a t t e r n was f o u n d b u t h e r e , a t any 

f r e q u e n c y , t h e d i e l e c t r i c c o n s t a n t i s lower t h a n t h e c o r r e s p o n d i n g v a l u e 

i n Fe/MgO. 
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Fig.7.10 shows t h e b e h a v i o u r o f d i e l e c t r i c c o n s t a n t , e' , as 
a f u n c t i o n o f t e m p e r a t u r e a t 1 kHz frequ e n c y f o r p u r e MgO and i r o n - d o p e d 
MgO samples. The p l o t s o f d i e l e c t r i c c o n s t a n t f o r p u r e MgO i n c r e a s e 
l i n e a r l y up t o about 250°C and t h e n c o n t i n u e t o i n c r e a s e v e r y much more 
r a p i d l y . The d a t a f o r medium i r o n doped sample a l s o showed t h e same 
c h a r a c t e r i s t i c . The magnitude o f e' f o r doped samples a t some tempera­
t u r e s i s l e s s and a t some h i g h e r t e m p e r a t u r e range i s h i g h e r t h a n t h e 

e' 
magnitude o f e' f o r p u r e MgO. The r a t i o o f ,^}^^^/^99—. i s 

^ Fe(4300 ppm)/MgO 
g e t t i n g n e a r t o 1 as t h e t e m p e r a t u r e i n c r e a s e s t o 100°C and f i n a l l y i t 

approaches u n i t y a t about 500°C w h i l e i n t h e t e m p e r a t u r e range 500°C-700°C 

t h e magnitude o f e' r e l a t e d t o MgO + 4,300 ppm Fe sample i s g r e a t e r t h a n 

f o r p u r e MgO. T h i s e f f e c t has been observed f o r h e a v i l y Fe-doped 
e' 

(12 , 8 0 0 ppm Fe) sample w h i l e t h e r a t i o o f , reaches 
Fe(12 , 8 0 0 ppm)/MgO 

u n i t y a t a b o u t 250°C. I t can be concluded t h a t t h e dopant i m p u r i t y has 

a g r e a t e f f e c t on t h e d i e l e c t r i c c o n s t a n t o f MgO c r y s t a l e s p e c i a l l y a t 

h i g h e r t e m p e r a t u r e s . 

The v a r i a t i o n o f d i e l e c t r i c c o n s t a n t o f p u r e MgO w i t h t e m p e r a t u r e 

has been i l l u s t r a t e d i n F i g . 7 . 1 1 o v e r t h e frequ e n c y range o f measurements. 

A l l t h e d a t a l i e s on a f a m i l y o f s t r a i g h t l i n e s . 

7.2 DISCUSSIOJ 

The changes i n magnitude o f d i e l e c t r i c c o n s t a n t , A e', w i t h 

t e m p e r a t u r e ( a t any f r e q u e n c y ) have been compared w i t h Havinga's p r o p o s a l , 

w h i c h was f u l l y e x p l a i n e d i n S e c t i o n 2.5. The v a l u e s o f t h e e x p r e s s i o n 

( e ' - 1) ( e ' + 2) 
9e' 

ST 
= A + B + C (7.1) 

'P 

were deduced a t d i f f e r e n t f r e q u e n c i e s f o r pure MgO f r o m F i g . 7 . 1 1 and t h e n 

t a b u l a t e d i n Table 7.2. For comparison some workers r e p o r t e d t e m p e r a t u r e 

dependences f o r p u r e MgO and a r e g i v e n i n Table 7.3. I n t h e t e m p e r a t u r e 
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range 16°C - 200° C t h e p r e s e n t v a l u e s agree a t a l l f r e q u e n c i e s w i t h 

t h e v a l u e o b t a i n e d by o t h e r s (43) and a r e r a t h e r h i g h e r t h a n t h a t w h i c h 

has been g i v e n i n ( 4 2 ) . E x a m i n a t i o n a t h i g h e r t e m p e r a t u r e s showed t h a t 

t h e v a l u e o f (A + B + C) i n c r e a s e d and consequently d i d n o t agree w i t h 

t h e p r e v i o u s l y r e p o r t e d d a t a . Comparison o f v a l u e s (A + B + C) o b t a i n e d 

i n t h e room t e m p e r a t u r e t o 300°C range (Table 7.2) h e r e w i t h t h e d a t a 

g i v e n i n l i t e r a t u r e r e f e r e n c e (130) shows t h a t t h e v a l u e s are about 20% 

l o w e r , w h i l e a t h i g h e r t e m p e r a t u r e s (room t e m p e r a t u r e - 400°C) t h e h i g h 

f r e q u e n c y d a t a (10 kHz and 20 kHz) agrees f a i r l y w e l l . 

The t e m p e r a t u r e dependence o f e ' f o r Fe o r Cr-doped MgO a t 

d i f f e r e n t f r e q u e n c i e s i s g i v e n i n T a b l e 7.4. The v a l u e s o f (A + B + C) 

were deduced f r o m e x p e r i m e n t a l d a t a and i t was found t h a t t h e y a r e depend­

e n t on t h e c o n c e n t r a t i o n o f dopant i m p u r i t i e s ; t h i s e f f e c t i s most 

marked i n Pe-doped samples. A l l samples behave s i m i l a r l y and t h e v a l u e s 

o f (A + B + C) a r e p o s i t i v e hence s u p p o r t i n g t h e Bosman and Havinga (43) 

p r o p o s a l ; t h e r e i s a s l i g h t r e d u c t i o n i n (A + B + C) as t h e f r e q u e n c y 

i n c r e a s e s . The v a l u e s o f (A + B + C) f o r Cr-doped samples seem t o be 

i n d e p e n d e n t o f t h e Cr c o n c e n t r a t i o n and t h e y agree w i t h t h e l i t e r a t u r e 

(42-43) f o r p u r e MgO as shown i n T a b l e 7,3. 

The Havinga f o r m u l a f o r (A + B + C) i s n o t s p e c i f i c a l l y based 

on t h e assumption o f h o p p i n g c o n d u c t i o n and i t i s t h e r e f o r e o f i n t e r e s t 

t o see how t h e same e x p e r i m e n t a l d a t a f i t s t h e p r e d i c t i o n s o f t h e 

Jonscher t h e o r y . I n t h i s comparison t h e f i r s t d i f f i c u l t y a r i s e s because 

t h e r e appears t o be no s p e c i f i c f o r m u l a quoted i n t h e l i t e r a t u r e f o r t h e 

temperatiare dependence o f n. The g e n e r a l p r e d i c t i o n i s t h a t n s h o u l d 

f a l l as t h e t e m p e r a t u r e i n c r e a s e s b u t , a t p r e s e n t , t h e t h e o r y i s n o t 

a v a i l a b l e t o e s t i m a t e t h e magnitudes o f change t o be expected. 

Here t h e s e magnitudes have been o b t a i n e d f r o m e x p e r i m e n t a l 

o b s e r v a t i o n s i n two ways v i z : f r o m e'-w measurements and f r o m o -̂w 
ac 
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c h a r a c t e r i s t i c s both k i n d s o f data being obtained a t temperatures from 
16°C to about 700°C. 

I t has been found from F i g s . 7.7 - 7.9 t h a t the slope o f the 

v a r i a t i o n of e' wi t h frequency i n c r e a s e s s l i g h t l y w i t h i n c r e a s i n g 

temperature, i . e . n i s g e t t i n g lower i n the r e l a t i o n e'(a)) « iJ^ ^. 

I n order to see the e f f e c t o f temperature on t h e magnitude of t h e 

exponent n more e a s i l y these values f o r d i f f e r e n t samples have been 

t a b u l a t e d i n Table 7.5 a t v a r i o u s f r e q u e n c i e s . From t h i s Table, i t i s 

concluded t h a t : f i r s t l y , a t any constant temperature, the magnitude 

of exponent (n) i s almost the same f o r a l l the samples ; secondly, n 

decreases as the temperature i n c r e a s e s ; t h i r d l y t h a t the decrease i n 

n f o r a given temperature r i s e i s somewhat g r e a t e r f o r higher doping 

c o n c e n t r a t i o n s . O v e r a l l , t h i s data thus suggests t h a t n i s weakly 

temperature dependent, i t s magnitude decreasing only by about 5% f o r 

a 600°C r i s e i n temperature. 

A c o n f l i c t i n g estimate i s obtained from the c o n d u c t i v i t y data. 

The values o f n have been a l s o deduced from F i g s . 7.3 - 7.6 f o r pure 

and doped MgO samples a t the v a r i o u s temperatures and these are ta b u l a t e d 

i n Table 7.6. E x c l u d i n g the high concentration Fe/MgO specimen, i t i s 

again found t h a t the n value a t any constant temperature i s n e a r l y the 

same. As the temperature i n c r e a s e s the magnitude of n decreases f o r each 

sample but t h i s t a b l e i n d i c a t e s t h a t n i s s t r o n g l y temperature dependent ; 

chaning by about 30% f o r a 600°C temperature r i s e and showing some tendency 

f o r even more r a p i d v a r i a t i o n above 600°c. The reasons f o r t h i s d i s ­

crepancy are not c l e a r ; i n so f a r as the Jonscher theory i s a p p l i c a b l e 

one would expect both methods of d e r i v a t i o n to y i e l d the same r e s u l t 

(the p r e c i s i o n room temperature bridge data given i n Chapter 4 do agree 

w i t h t h i s c o n d i t i o n ) . The most l i k e l y explanation seems to be t h a t , 

as Fig.7.1 i n d i c a t e s , the thr e e conduction regimes imply the onset, a t 
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s u c c e s s i v e l y h i g h e r temperatures, of d i f f e r e n t types of c o n t r i b u t i o n 
to conduction ; such a d d i t i o n a l c o n t r i b u t i o n s might i n v a l i d a t e the 
d i r e c t a p p l i c a b l e o f the " U n i v e r s a l Law" equations to high temperature 
conductivity-freq^iency p l o t s . I f t h i s i s so the e'-f v a r i a t i o n s may be 
more r e l i a b l e . 
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CHAPTER 8 

SUMMARY AND FUTURE WORK 

The r e l e v a n t c o n c l u s i o n s on each p a r t of the p r o j e c t have been 

made a t the end of the appropriate Chapters. 

C o n s i d e r a t i o n of the work as a whole leads to s e v e r a l summary 

c o n c l u s i o n s which are given i n t h i s chapter. The main p o i n t s concern the 

s u i t a b i l i t y of techniques f o r d i e l e c t r i c measurements on low l o s s m a t e r i a l s , 

d e t a i l e d i n t e r p r e t a t i o n of some o f the e f f e c t s of doping, and suggestions 

f o r f u t u r e work. 

As regards techniques, the main area where u n c e r t a i n t i e s remain 

i s i n t h e accuracy of measurement i n the s l o t t e d l i n e method. T h i s method 

has so many p o t e n t i a l advantages - not l e a s t i n the wide frequency coverage, 

t h a t i t s use would be very d e s i r a b l e . Adequate accuracy could probably 

be obtained u s i n g the e x i s t i n g c o a x i a l arrangement i f the VSWR maximum 

were recorded by the p r e s e n t manner but the minimum (where magnitudes 

are more s e n s i t i v e to small changes i n e' and e'') were measured with 

-12 

an e l e c t r o m e t e r s e n s i t i v e to a t l e a s t 10 A ; t h i s would give a p o s s i b l e 

improvement but would need very c a r e f u l experimentation. A more f r u i t f u l 

approach seems to be to undertake a rigorous a n a l y s i s o f the e q u i v a l e n t 

c i r c u i t , attempting t o add known amounts of capacitance so as to reduce 

the e f f e c t i v e VSWR to be measured to smal l e r values ; t h i s reduction i s 

amenable to t h e o r e t i c a l and experimental t e s t i n g and o f f e r s the b e s t 

long term s o l u t i o n . An independent requirement a r i s i n g from the ex­

te n s i o n of the range o f measurements to r . f . and microwave fr e q u e n c i e s 

i s the need f o r a c c u r a t e v a l u e s of ; here o p t i c a l methods could 

be used and although r e f e r e n c e t a b l e s give some data f o r nominally 

pure m a t e r i a l s there i s l i t t l e information on the e f f e c t s o f i m p u r i t i e s . 
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Turning next to the experimental cJata the most r e l i a b l e , and 

p o s s i b l y most important of t h i s r e l a t e s to the room temperature measure­

ments and t h e e f f e c t s of doping. I t was shown t h a t the ad d i t i o n of 

e i t h e r Fe or Cr i n c r e a s e d the c o n d u c t i v i t y above t h a t o f pure MgO ; 

to e x p l a i n t h i s r e s u l t i t was p o s t u l a t e d t h a t , as both ions are t r i v a l e n t , 

t h e i r i n t r o d u c t i o n i n t o the l a t t i c e woxild give r i s e to e x t r a vacancies 

which i n t u r n would i n c r e a s e the number of hopping s i t e s and hence 

l e a d to the observed i n c r e a s e i n c o n d u c t i v i t y ( without r e q u i r i n g change 

i n the type of charge c a r r i e r , taken to be e l e c t r o n s ) . On t h i s b a s i s only, 

one would expect an i n c r e a s e i n c o n d u c t i v i t y ( f o r t r i v a l e n t ions) to be 

independent of the nature o f t h e p a r t i c u l a r ion and f u r t h e r , t h a t doping 

w i t h d i v a l e n t ions should produce no change. Both o f these p r e d i c t i o n s 

a r e open to experimental t e s t i n g , f o r example with Ni/MgO and Co/MgO 

both of which can be obtained i n s i n g l e c r y s t a l form. There i s of course 

no s p e c i f i c r e s t r i c t i o n on the l a t t i c e and calc i u m oxide ; CaO, might 

form a u s e f u l a l t e r n a t i v e h o s t which can be doped with a v a r i e t y o f i o n s . 

Work along these l i n e s i s d e s i r a b l e i n order t o widen the b a s i s f o r 

d i s c u s s i o n of the f o l l o w i n g p o i n t of i n t e r e s t . 

Comparison of t h e data f o r Fe/MgO and Cr/MgO, doped a t s i m i l a r 

l e v e l s , shows t h a t t h e c o n d u c t i v i t y i s i n c r e a s e d s u b s t a n t i a l l y more i n the 

case of Fe than Cr. T h i s i s not expected on the model o u t l i n e d above 

which must t h e r e f o r e be regarded as incomplete. I t i s i n t e r e s t i n g to 

note t h a t i n hopping theory two f a c t o r s are important, the number of 

hopping s i t e s ( c o nsidered i n t h e above model) and the hopping frequency. 

An i n c r e a s e i n the l a t t e r would a l s o l e a d to an e x t r a c o n t r i b u t i o n to the 

c o n d u c t i v i t y and s e v e r a l authors have tended to equate the hopping 

frequency to the frequency o f exchange i n t e r a c t i o n between the impurity 

c e n t r e s i n v o l v e d ( 3 6 ) . Following these ideas one i s l e a d to examine the 
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p o s s i b i l i t y of exchange i n t e r a c t i o n between the Fe^^ and Cr"^^ r e s p e c t i v e l y 

i n the Fe/MgO and Cr/MgO c r y s t a l s s i n c e the exchange energy, expressed 

as frequency, might t h e r e f o r e be taken as equ i v a l e n t to the hopping 

frequency. Here data from completely d i f f e r e n t types o f experiment, 

i . e . magnetic measurements, i s r e q u i r e d and some r e s u l t s obtained from 

e l e c t r o n s p i n resonance s t u d i e s may be quoted. I n summary, these have 

shown t h a t i n both Fe/MgO and Cr/MgO (131) exchange narrowing of the 

Fe'^^ and Cr"^^ e s r l i n e s i s pronounced (at the l e v e l of concentration used 

i n the d i e l e c t r i c measurements) , and t h a t t h e exchange energy J i s , i n 

both c a s e s , p r o p o r t i o n a l to the concentration. The r e l e v a n t r e s u l t s 

are shown i n Fig.8.1 which a l s o g i v e s the q u a n t i t a t i v e v a l u e s of J . I t 

i s n o t i c e a b l e t h a t , a t e q u i v a l e n t c o n c e n t r a t i o n s , J„ > J„ and t h a t 
Fe Cr 

there seems to be some c o r r e l a t i o n w i t h the c o n d u c t i v i t y data i n two 

r e s p e c t s 

(a) f o r a p a r t i c u l a r ion both J and a i n c r e a s e w i t h concentra­

t i o n . 

(b) a t a given c o n c e n t r a t i o n J > J i n accordance with the 
Fe Cr 

ob s e r v a t i o n t h a t a > a . 
Fe Cr 

These p r e l i m i n a r y observations suggest t h a t a c o n t r i b u t i o n to 

c o n d u c t i v i t y a r i s i n g from exchange may be a feature of some doped 

m a t e r i a l s and the trends seem to be s u f f i c i e n t l y e s t a b l i s h e d to warrant 

much c l o s e r examination. 

131. Thorp, J.S. and Hossain, M.D,'Exchange Energies of I r o n Group 

Ions i n S i n g l e C r y s t a l MgO', Journal of M a t e r i a l s Science, 

(to be p u b l i s h e d ) . 
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APPENDIX A DERIVATIONS OF e' AND e' ' 

I n the d e r i v a t i o n , the specimen i s assumed to be an impedance, 

which terminates the end of a c o a x i a l l i n e as shown i n Fig.3.5. T h i s 

assumption i s not a b s o l u t e l y c o r r e c t because of small f r i n g i n g e f f e c t s 

which are, however, ignored. I n t h i s case the impedance can be w r i t t e n 

as : 

Z = - ^ (AP.l) 

where C, i s complex, because the d i e l e c t r i c constant of the sample i s 

complex. I t i s assumed t h a t t h e r e i s no s e r i e s r e s i s t a n c e with t h i s 

c a p a c i t a n c e . 

Now, C = e^e* — and e* = e' - j e " which f i n a l l y g i v e s . 

Z = R - j x = - — J l -
we e* A o 

or 

and 

WĜ  A ( e ' - j e' '1 

(AP.2) 

(AP.3) 

R - iX = e " d e- d 
a)e A(£•"+£"") we A ( E ' ^ + e " ^ ) o o ' 

where -12 -1 
= p e r m i t t i v i t y of f r e e space = 8.854 x 10 (F m ) 

e' = r e a l component of the complex p e r m i t t i v i t y ( d i e l e c t r i c 
constant) 

e'' = imaginary component of the complex p e r m i t t i v i t y 
( l o s s f a c t o r ) 

2 
A = area of i n n e r conductor which contacts the sample (m ) 
d = t h i c k n e s s of the sample (m) 
0) = angular frequency (rad s"''') 
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Equating r e a l and imaginary p a r t s of Eqn. (AP.4) leads to 

R ( e . , E " ) = (;^.5) 
a)e^A(e' + e " ) 

X ( e ' , e " ) = S l - I (^^6) 
oie A(e' + G " ) o 

from which e' and e'' can be determined, i . e . 

Xd 
2 T (AP.7) 

a)e^A(R + X ) 

Rd 
2 2 (^-8) a)e^A(R + X ) 

From t r a n s m i s s i o n l i n e theory, the r e f l e c t i o n c o e f f i c i e n t of 

the l i n e which i s terminated w i t h an a r b i t r a r y impedance z , a t the plane 
L 

o f the , i s given by 

j e z^- z 
L o 

p e • = Z^+ z L o 

where Z^ = c h a r a c t e r i s t i c impedance of the l i n e (ohms) 

pI = magnitude of the r e f l e c t i o n c o e f f i c i e n t 

9 = phase angle of the r e f l e c t i o n c o e f f i c i e n t 

(AP.9) 
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The Eqn. (AP.9) may a l s o be w r i t t e n i n an expanded form as, 

R-Z^ + jX / / 
[pI (cosO + j s i n G ) = 

R+Z + j x o 
(APIO) 

from which 

R^-Z 2 . X^ 
p| cose = 2 ^ 

( R + Z ) ^ + X o 

2 Z X 
I p l s i n e = 2. (AP.12) 

2 2 (R + Z )'^ + X o 

A f t e r some manipulation the r e s i s t a n c e , R and reactance, X can be found. 

I . e . 

Z (1 - |p|2) 
R = (AP.13) 2 1 + p - 2 p cose 

2|p Z s i n e ' o 
X = : (AP.14) 

2 
1 + IpI - 2 p cose 

S i a b s t i t u t i n g Eqns. (AP.13) and (AP.14) i n Eqns. (AP.7) and (AP.8) g i v e s 

f i n a l l y the magnitudes of e' and E'', i . e . 

2 |p| s i n e 
- (AP.15) 

o o 

and 

2 
OJC Z ( p| + 2 I p loose + 1) 

7^2 r (AP.16) 
'^CQZ^( IP I + 2 p I cose + 1) 
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APPENDIX B CALIBRATigg OF CRYSTAL DETECTOR 

I n order to measure the c h a r a c t e r i s t i c of the c r y s t a l detector 

two d i f f e r e n t methods were used : 

1. I n the f i r s t method t h e s l o t t e d - l i n e was terminated by a s h o r t 

c i r c u i t . The s i g n a l o s c i l l a t o r was s e t to an a r b i t r a r y frequency, e.g. 

710 MHz. The c a r r i a g e (probe) was moved to any maximum p o s i t i o n as 

i n d i c a t e d on the VSWR meter., then the tuning stxib was adjusted t o give 

maximum output from the c r y s t a l d e t e c t o r . 

Next, the d i s t a n c e between two minima was determined and hence 

the ^ (95) . The ex a c t p o s i t i o n s o f the minima were found by using two 

i d e n t i c a l p o i n t s on e i t h e r s i d e of nodes and h a l v i n g the d i s t a n c e . A 

c a l i b r a t i o n p l o t was then obtained by recording the micro-ammeter readings, 

a t s u i t a b l e i n t e r v a l s between the nodes. For each p o i n t the e l e c t r i c 

f i e l d s t r e n g t h , E, was c a l c u l a t e d (127) using, 

where 

and 

s i n e (AP.17) 

2Trd 
A 

d = d i s t a n c e of each p o i n t from r e f e r e n c e plane (cm) 

A = wavelength of ap p l i e d frequency (cm) 

V a r i a t i o n s of E versus r e c t i f i e d c u r r e n t , I,were then p l o t t e d 

i n F i g . APP.l. As i t shows a t lower e l e c t r i c f i e l d the c u r r e n t i n c r e a s e s 

e x p o n e n t i a l l y , and then becomes l i n e a r a t higher e l e c t r i c f i e l d s . I n 

order to determine the exponent of I ^ E " , Log ^ ^ E versus Log^^I, was 

p l o t t e d i n Fig.APP.2. The slope measured represented the c r y s t a l law 

and i t was found t h a t n = 2.3,i.e. an approximately square-law 
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c h a r a c t e r i s t i c . 

2, In the second method the carriage and probe were placed in one 

position on the slot t e d - l i n e which gave suitable reading and the input 

l e v e l was varied. The changes i n the input l e v e l were plotted against 

the measured current as shown in Fig.APP.3. I t was found that the 

plot was similar to the one in Fig.APP.l with a s l i g h t l y different slope 

as shown in Fig.APP.4, i . e . n = 1.94. This has proved the square-law 

behaviour of the c r y s t a l . 
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APPENDIX C PERTURBATIOI THEORY 

In an empty cavity the e l e c t r i c and magnetic f i e l d s are given 

by 

E = E e o 
j u t 

(AP.18) 
H = H e o 

jwt 

where E^ and are function of positions. After introducing a small 

d i e l e c t r i c sample into the cavity, the fie l d s and the resonant frequency 

are modified, thus 

E' = (E + E J e o 1 
j (u)+6w) t 

(AP.19) 

H' = (H^ + U^) e j (a)+6a)) t 

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

9B c u r l E = - 9t (AP.20) 

which yields 

cu r l E = -
8B 

c 
3t ja)B 

and c u r l (E + E J o 1 j 6w) (B + B j o 1 

subtracting we get 

curl E^ = - j OJB. + 6a) (B + B,) 1 o 1 (AP.21) 



132 

s i m i l a r l y from 

c u r l H an 
at (AP.22) 

we get 

c u r l H = j ) wD, + 6(1) (D + D j i 1 1 o 1 (AP.23) 

Assuming t h a t 6a)D^ and SaiB^ are very small, using Eqns. AP.18,AP.21 

and AP.23, i t i s obtained f i n a l l y . 

E . c u r l H + H . c u r l E = jw (E .5, - H .BJ + j6a) o l o 1 o l o l (E .D -
o o 

H .B ) + (E .D̂  ~ H .BJ 
o o o 1 o 1 

(AP.24) 

i n s i d e the sample 

D • = e 1 o ^ r ^^o ^ 1 ^ - ^o (AP.25) 

using the vector i d e n t i t y . 

d i v (H X E J + (E X H.) o 1 o 1 E . c u r l H - H . c u r l + 
1 o o 1 

H^.curl E^ - E^. c u r l (AP.26) 

which, by v i r t u e o f Eqns. AP.20 and AP.22, may be w r i t t e n 

H . c u r l E + E . c u r l H = jo) (E .5 - H .B ) 
o I o I l o l o 

d i v (H X E ) + (E X H,) o i o 1 (AP.27) 
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S u b s t i t u t i n g Eqns. AP.27 i n t o the l e f t - h a n d side o f Eqn. AP.24 gives. 

jo) (E^-DQ- HJ^-B^) - d i v (H^ X E ^ ) + ( E ^ X Hi) 

( E ^ . D -H .B ) + (E .5 -H .B ) 
o o o o o l o l 

(AP.28) 

Let v^ be the volume o f the c a v i t y and v the volume o f the 
s 

sample, then (v^-v^) i s the p a r t o f the c a v i t y not occupied by the sample. 

I n t e g r a t i n g Eqn. AP.28 over the volume v gives. 

jo) J (E^.D^ 
v 
1 

H^.B^) d V - I d i v 

H^.B^) d V + j6a) 
V 

(H^ X E^) + (E^ X 5̂ ) 

EI . 1 ) ^ - H .B ) 
o o o o 

dv 

For the divergence i n t e g r a l we have, by Green's theorem, 

dv (AP.29) 

d i v (H X E + E X HJ dv = o l o l (H X E + E X H ) . nds o l o l 

where s^ i s the surface o f the c a v i t y and n i s the u n i t vector normal t o 

the element ds o f surface s^. The c a v i t y w alls may be regarded as 

p e r f e c t l y conducting, t h e r e f o r e H^ x E^ and x H^ are t a n g e n t i a l t o 

the w a l l s and t h e i r scalar product w i t h n i s zero. Thus the divergence 

i n t e g r a l vanishes. Since 6a) i s much smaller than o), we can neglect 
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and B^ in the second integral on the right-hand side of Eqn. AP.29, i . e . 

(E, .5 - H .5 ) dv = j i 1 o o o 

(E .D - H .B ) dv 
o o o o 

(AP.30) 

and B^ are small compared with and B^, and therefore, from 

Eqn. AP.30 

(E .D - E .D, )-(H, .B -H .BJ l o o l l o o l 
6(1) 

0) 

V 
dv 

(E .D - H^.B^) dv O O o o 
V 

On substitution of 

(AP.31) 

= Mj.Ĥ  i n eqn. AP.31 we get. 

6(1) 

0) 

- V i - (̂ -̂ ô  J V i dv 

2 e |EJ dv 

(AP.32) 

Since i n the denominator of Eqn. AP.31 Ĥ .Ĥ  = - |H | the change of 

sign w i l l occur. Also the maximum energies stored i n the cavity i n 
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the e l e c t r i c f i e l d and magnetic f i e l d are always equal, i . e . 

e E I dv o' 
2 

M dv 
V V 
o o 

and since y = p (sample i s assumed non magnetic) and E = e e we o r o 
obtain : 

E E, J o 1 dv O X V 

^ r -
E 

J ° 

2 (AP.33) 
dv 

V 
o 

I t i s assumed that the f i e l d around the sample i s uniform and then Ê̂  

i s found from the knowledge of the sample geometry and Ê . The magnitude 

of E^ i n the sample as Sucher and Fox (ICQ) point out i n d e t a i l , depends 

on the shape of the sample. For the sample in the shape of a rod, located 

i n the centre of the cavity where the e l e c t r i c f i e l d i s maximum and 

p a r a l l e l to the surface of the sample = |Ê | (98,100,104,132-133) 

and the e l e c t r i c f i e l d i s continuous over the boundary. 

Eqn. AP.33 i s used for the calculation of — . The complex 

angular (i) associated with a dissipative system can be written as 

0) = 0)^ + j 0)^ (AP.34) 

where (d^ i s the r e a l and o)̂  i s the imaginary part of complex angular 

frequency. And o)̂  << oj^ 

Considering the expression 

^ . ^ W.35, 
(1) 



- 136 

where i s the unloaded angular resonant frequency and (̂^ i s the 

resonant frequency of loaded cavity. Both oi^ and oj^ are complex. We 

assume that the change of resonant frequency of cavity, i . e . <^-^~(>i2 

small, therefore, r e a l parts of o)̂  and t>)^ are almost equal, o)^^ o) 

Expanding Eqn.AP.35and considering a l l approximations, we get 
r2-

6a) 
a) 

< 0) -a) „ S + j I a) -0) ( r l r2| - ^ r i l i2 

'" r l '̂̂  i l 
(AP.36) 

a) r l 1 + j i l 
^ r l 

0) -0) „ 
r l r2 ^ ^ i r " i 2 

^ 1 / 1 - 3 
.2 ^ 1 

0) r l 

1-j i l 

r l 

(AP.37) 

Since i l 
0) r l 

« 1 i t can be neglected from denominator of Eqn. AP.37 

therefore 

6a) i l " i2( I ^ 1 

r l a) r l 

(AP.3B) 

Separating r e a l and imaginary parts y i e l d . 

6a) 
a) 

^ r \ 2 
+ j 

a) r l 

• " i l _ '*'i2 
r l " " r l 1-j ^ 1 U) r l 

(AP.39) 



- 137 -

Sucher and Fox (100) have represented the amount of Q , 

2(0 CAP. 40) 

substituting Eqn. AP.40 i n Eqn. AP.39, 

6(0 
(1) 

^1-^2 + j 2Q L l 2Q. L2 
1-j 2Q. L l 

Since • can be neglected compared with unity 
L l 

CAP.41) 

6(0 
(1) 

or 

-Ll ^L2 
(AP.42) 

6(0 
0) 

A f 
^Ll ^L2 

(AP.43) 

where Q̂ ^ and Q̂ ^ the loaded and unloaded quality of the cavity. On 

substituting of Eqn. AP.43 i n Eqn. AP.33, yi e l d s . 

M ^1 f 2 o 2L1 2^2 

-(e^-1) E E, 
o 1 dv 

E 
o 

(AP.44) 

dv 

Since e„ = e'-j e " Eqn, AP.44 on integration can be reduced to. 

Af 
f = -2 (e' - 1) 

V (AP.45) 

and 

4 e' (AP.46) 
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APPENDIX D COMPARISON METHOD 

In e a r l i e r descriptions of the slotted-line technique, we have 

talked and discussed i n d e t a i l about the uncertainties i n measuring e' 

and E" of a s o l i d material. A l l possible errors which might occur were 

explained i n section 5.1.4, and suggestions were made i n order to get 

more accurate r e s u l t s and avoid the above mentioned errors. 

The major d i f f i c u l t y was measuring high VSWR and consequently 

IpI . Other d i f f i c u l t i e s can be overcome by modifications on the slotted 

l i n e or using more accurate and sophisticated instruments. The problem 

of measuring high VSWR s t i l l remained and therefore, attempts have been 

made to reduce i t s magnitude. This was done using a different method 

which may be called "Comparison Method". 

In this technique i d e a l l y the transmission-line (slotted-line) 

i s assumed to be terminated with a re s i s t o r equal to the cha r a c t e r i s t i c 

impedance of the l i n e , Z^, and a c r y s t a l whose d i e l e c t r i c properties are 

going to be determined i s mounted in a sample holder. The equivalent 

c i r c u i t may be represented with a resistance and a capacitance i n 

se r i e s as i n Fig.APP.5. The to t a l impedance of the sample, Z associated 
s 

with Z can be written as o 

Ẑ  = Z + j X s o s (AP.47) 

where X^ i s the reactance component of cry s t a l equal to 

then. 
C u) s 

Z = Z -s o C 0) s (AP.48) 

Substituting capacitance of the sample, = e (e ' - j e!') in ^ in Eqn.AP.48 
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re s u l t s i n 

Z = z ^ ^— (AP.49) 
o d 

Z - 3d(e'+je") 
o 

where 

2 2 e^A(o(e' +e'' ) 

d = thickness of the specimen (cm) 
2 

A = area of inner conductor (cm ) 

(0 = angular frequency (rad s"''') 

Separating r e a l and imaginary terms on the left-hand side in Eqn. AP.(49) 

gives 

7 - 7 £"d j e ' d 
~ o ^ 2 2~ ~ r 2~ (AP.50) e A(i)(e' + e " ) e A(o(e' +e'' ) 

o 

I t can be seen that the X contains two terms ; f i r s t r e s i s t i v e term 
s 

which involves e'' (loss factor) and second, capacitance term which 

involves e'. 

Now, removing c r y s t a l the equivalent c i r c u i t i s as in Fig.APP.6 

The tot a l impedance of the a i r gap and Z^ can be given as 

Z = Z„ + jX^ (AP.51) 
a O ci 

with = ~ reactance of a i r gap. Putting capacitance value of 
a , -

the a i r gap, C , 
a 

^a = ^o I ^^-52) 

and Eqn. AP.51 r e s u l t s i n 

\ = ^ o - ^ ('^•") 



F!G.APR5 EQUIVALENT CIRCUIT OF 
TERMINATION AND SAMPLE 

• z 

X 

FIQ.APP.6 EQUIVALENT CIRCUIT OF 
TERMINATION AND AIR GAP. 
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As expected Z has r e s i s t i v e component (Z ) and reactive component 
a o 

due to a i r gap which has no r e s i s t i v e component, i . e . there i s no energy 

loss i n the a i r gap. 

In general the r e f l e c t i o n coefficient, p| of any arbitrary 

impedance, Z , terminating the transmission-line i s given by, L 

I P I . (»P.54) 
L o 

where, |p| i s the magnitude of reflection coefficient and 0 i s equal 

to i t s phase angle. Therefore the reflection coefficient for an a i r gap 

i s given by. 

a 2Z (OE A - jd o o 

and s i m i l a r l y the r e f l e c t i o n c o e f f i c i e n t for a c r y s t a l i s given by. 

- s ( E " - j E ' ) d 
Pg e = • (AP.56) 

2Z £ A(O(E' + E " ) + ( e " - j E ' ) d 

The Eqns. AP.55 and AP.56 can be simplified as follows : 

'^a' ^ ^ = 2Z i^E A (AP-57) 

and 

^^s 1 
Ps ^ - 2Z (OE A (AP.58) 

° ° ( E " + j E ' ) + l 
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assuming 
Z a)e A o o a they become 

P I 
^a 2a-j (AP.59) 

and 

j e 
I P 3 I e 

2a(e"+je') + 1 
(AP.60) 

dividing AP.59 by AP.60 gives. 

or 

P j ( 0 -0 ) a' a s 
t; — -

2a - j 

(2ae' '+l)^+(2ae')^ 

(2a)^ + 1 
h 

(-j) 

e : 

(AP.61) 

tan "1 2ae' TT ̂ ^-1 1 
2ae"+l " 2 "̂ ^̂ ^ 21 

(AP.62) 

From Eqn.AP.62 we deduce and (0 -0 ) as, a s 

(2ae"+l)^+(2ae')^ 

(2a)" + 1 
(AP.63) 

and 

0 -0 = tan a s 
-1 2ae' 

2ae'•+1 
CAP. 64) 
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S o l v i n g these two equations i n terms of (a) and c o n s t a n t s , the 

magnitudes of e' and e''are found, i . e . 

and 

e' 

lp 1 9 *5 a' 
„ 1 (4a +1) tan(0 -0 + (4a +1) 

a s t a n - ^ , 

2a 1 + tan (e^-e3-H f - t a n - ^ ^ ) 

2 
(4a^ + 1) 

Ps 
2 

(4a^ + 1) 

2a 1 1 + TT -1 1 1 2 *5 
tan(0^-0^ . 1 - t a n ^ ^ ) 

1_ 
2a 

(AP.65) 

(AP.66) 

Having knowledge of |p |, |p | and (0 -0 ) from measurements, 

the magnitudes of e' and e'' can be determined. 

I n p r a c t i c e the s l o t t e d - l i n e i s terminated with a c h a r a c t e r i s t i c 

impedance Z^( 50^2) and t h i s i s used as the r e f e r e n c e . Then an i n s e r t i o n 

u n i t (e.g. Type 874-X) i n t o which the sample can b e introduced connected 

between the t e r m i n a t i o n and the s l o t t e d - l i n e . The i n s e r t i o n u n i t can be 

s p e c i a l l y designed i f needed. Such an i n s e r t i o n u n i t may have some s t r a y 

i n d u c t i v e and c a p a c i t i v e e f f e c t s which would change the terminating 

c h a r a c t e r i s t i c impedance. I n order to overcome t h i s , a three stub tuner 

can be used to o b t a i n the r e q u i r e d match and hence standing wave r a t i o 

o f 1. T h i s r e q u i r e s a g r e a t accuracy and i t s tuning must be p r e c i s e . 

T h i s technique was not used i n our p r o j e c t although from some 

l i m i t e d t e s t s c a r r i e d out i t appeared to be easy to use because of 

lower VSWR's. 

T h i s method i s e s p e c i a l l y u s e f u l i n measuring d i e l e c t r i c prop­

e r t i e s of low l o s s m a t e r i a l s . 

To develop t h i s method i n order to get good r e s u l t s r e q u i r e s 

extreme p r e c i s i o n i n making the i n s e r t i o n u n i t and using instruments. 
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