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ABSTRACT 

The main p a r t of t h i s t h e s i s describes d i e l e c t r i c studies on a 

se r i e s of o x y n i t r i d e glasses prepared at Wolfson Centre f o r High 

Strength Materials» U n i v e r s i t y of Newcastle upon Tyne. 

Bridge techniques were used t o determine the room temperature 

values of p e r m i t t i v i t y (e') and d i e l e c t r i c loss (e") f o r some Y-Al-Si 

and' Nd-Al-Sl o x y n i t r i d e glasses and f o r f u r t h e r compositions i n the 

Mg-Al-Sl and Ca-Al-Si systems. Over the range 500 Hz t o 10 KHz the 

frequency dependencies of e' and c o n d u c t i v i t y (a) were found to be i n 

good agreement w i t h the Universal law of d i e l e c t r i c response 

i , e o ( e ' - e j « a)(""^^ 

and a (u) « (ii^ 

g i v i n g n = loO ± 0.1 f o r a l l compositions examined- I n a l l four systems 

the a d d i t i o n of n i t r o g e n Increased the p e r m i t t i v i t y w h i l e , at each 

concentration of n i t r o g e n ( i n c l u d i n g the oxide glasses) the p e r m i t t i v i t y 

increased w i t h c a t i o n type i n the order magneslumj y t t r i u m , calciums 

neodjnnlumo 

As regards the higher frequency regime coaxial l i n e techniques were 

used t o determines at room temperatures both e' and e" f o r some 

Mg-Al-Sis Ca-Al-Si and Y-Al-Si o x y n i t r i d e glasses over the frequency 

range 500 MHz t o 5 GHz. Here the frequency dependencies of e' and e" 

are also consistent w i t h the Universal Law of d i e l e c t r i c response i n 

t h a t ( e ' - e^) = oj^"""^^ and e" « o)^"""^^ f o r a l l glass compositions. The 

high experimental value of the exponent (n = 1.0 ± 0.1) suggested the 

l i m i t i n g form of l a t t i c e loss s i t u a t i o n . I n t h i s frequency range (as 
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a lso at the lower frequencies) the a d d i t i o n of n i t r o g e n Increased the 

p e r m i t t i v i t y and i t was confirmed t h a t i n both the oxide and o x y n l t r l d e 

glasses E ' i s influenced by the c a t i o n , being increased w i t h c a t i o n type 

i n the order magnesium, y t t r i u m , calcium as at lower frequencies. At 

s t i l l higher frequencies, i n the microwave region, s p e c i a l c a v i t y 

p e r t u r b a t i o n methods of measurement were developed and used. 

Pr e l i m i n a r y studies are also reported on the temperature 

dependencies of e' and e" f o r a s i m i l a r range of glass compositions and 

on the o p t i c a l behaviour of the o x y n i t r l d e glasses both i n the v i s i b l e 

and i n f r a - r e d regions of the spectrum. 

I n the Appendices summaries are given of published papers on 

o x y n i t r i d e glasses (Appendix I ) and also on s i n g l e c r y s t a l MgO, Fe/MgO, 

Cr/MgO and Co/MgO (Appendix I I ) a study which formed an addendum to the 

main work. 
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CHAPTER 1 

INTRODUCTION 

Over the past two decades there has been a s t e a d i l y increasing 

i n t e r e s t i n the development of new engineering materials s u i t a b l e f o r 

the wide-ranging and demanding needs of the aerospace and nuclear 

i n d u s t r i e s . I n most of these a p p l i c a t i o n s several p h y s i c a l parameters -

r a t h e r than a s i n g l e one - must be optimised simultaneously because the 

m a t e r i a l w i l l be used i n extreme c o n d i t i o n s s f o r example of temperature 

and environment. Thus, using ceramic components f o r gas turbine engines 

as an examples i t can be seen t h a t engineering ceramics of t h i s kind 

must combine high s t r e n g t h at elevated temperatures ("̂  1400''C i n the 

t u r b i n e ) w i t h good thermal shock properties» n e g l i g i b l e creeps high 

o x i d a t i o n r e s i s t a n c e and the a b i l i t y t o withstand corrosive 

environments. I n a d d i t i o n t o areas where high strength i s the f i r s t 

p r i o r i t y there has (over the same period of time) been sustained 

I n t e r e s t i n some of the e l e c t r i c a l p r o p e r t i e s of the new ceramics» 

p a r t i c u l a r l y i n regard t o m a t e r i a l s f o r electromagnetic windows and 

radome a p p l i c a t i o n s i here the primary requirement i s f o r low absorption 

a t the electromagnetic frequency concerned (which i s u s u a l l y i n the 

microwave region) but the other features l i s t e d aboves p a r t i c u l a r l y the 

strengths thermal shock resistance and thermal conductivity» are also 

very important. 

Any m a t e r i a l has a u s e f u l strength which may be taken as the stress 

t h a t i t can withstand at small s t r a i n s which are u s u a l l y less than about 
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0.1%. A strong ceramic i s necessarily required to have a high value of 

the e l a s t i c modulus, but since many of the materials i n question have 

p o t e n t i a l a p p l i c a t i o n s i n space where weight must be minimised, a b e t t e r 

c r i t e r i o n i s t o have a high s p e c i f i c modulus, i . e . a high value of the 

rata© of e l a s t i c modulus t o s p e c i f i c g r a v i t y . U n t i l a few years ago the 

main r e f r a c t o r y , high s p e c i f i c modulus mat e r i a l s were s i l i c o n n i t r i d e , 

s i l i c o n carbide, aluminium oxide, aluminium n i t r i d e , b e r y l l i u m oxide and 

carbon f i b r e , a l l of which have s p e c i f i c moduli at least three times 

l a r g e r than the more old - e s t a b l i s h e d s t e e l , glass or aluminium materials 

a t temperatures exceeding 1900''C, ( i . e . t h e i r s p e c i f i c moduli l i e i n the 

range 9 x 10 MNm~ t o 42 x 10 MNm" as compared w i t h 3 x 10 MNm" f o r 

s t e e l ) . I t i s worth n o t i n g here t h a t the combination of a high e l a s t i c 

constant and a low de n s i t y (required to give a high s p e c i f i c modulus) 

means t h a t the in t e r a t o m i c bond strength i n the m a t e r i a l must be high 

and t h a t the atomic weights and co-ordination numbers must be small, a 

set of co n d i t i o n s s a t i s f i e d by co-valent bonding. 

Even the use of i t s s p e c i f i c modulus however i s not a s u f f i c i e n t 

c r i t e r i o n f o r the o v e r a l l behaviour and s u i t a b i l i t y of a p a r t i c u l a r 

ceramic. I t i s found t h a t aluminium oxide has poor thermal shock 

p r o p e r t i e s w h i l e aluminium n i t r i d e i s e a s i l y hydrolysed ; b e r y l l i u m 

oxide i s very t o x i c and carbon i s also e a s i l y oxidised. Thus the choice 

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

n i t r i d e as the most promising m a t e r i a l f o r a high temperature ceramic 

because i t had a unique combination of desirable p r o p e r t i e s i n c l u d i n g 

high s t r e n g t h , good wear r e s i s t a n c e , a high decomposition temperature, 

good o x i d a t i o n r e s i s t a n c e , a low c o e f f i c i e n t of f r i c t i o n , high 

resistance t o a t t a c k i n corrosive environments and, (by no means least 
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important) e x c e l l e n t thermal shock p r o p e r t i e s . 

Although studies of glass manufacturing processes led t o the 

discov e r i e s t h a t n i t r o g e n can be chemically incorporated i n t o oxide 

glasses [ I , I s 1,2s 1"3» 1,4 ]and t h a t q u a n t i t i e s as small as 1% improved 

c e r t a i n p h y s i c a l p r o p e r t i e s [1,5s lo6i, 1,7] » much recent i n t e r e s t i n 

o x y n i t r i d e glasses as a class of m a t e r i a l s w i t h wide i n d u s t r i a l 

p o t e n t i a l has ar i s e n from t h e i r connection w i t h modem high-performance 

engineering ceramics. I n t e n s i v e research on the preparation and 

pr o p e r t i e s of s i l i c o n n i t r i d e had been i n i t i a t e d at many l a b o r a t o r i e s , 

i n c l u d i n g The Crystallography Laboratorys U n i v e r s i t y of Newcastle-upon 

-Tyne, and work on the development of s i l i c o n n i t r i d e ceramics led W i l d s 

Grievson and Jack t o p r e d i c t i n 1968 [1,8] t h a t , j u s t as wide ranges of 

alumi n g j s i l l c a t e s are formed from the basic (SiO^) and (AlO^) tetrahedra, 

so corresponding ranges of new ma t e r i a l s both c r y s t a l l i - a e and 

n o n - c r y s t a l l i n e could be formed from ( S i , A l ) ( O s N ) ^ tetrahedra. They 

were given the name "Sialons" by Jack [ 1 , 9 ] , Ceramic materials of t h i s 

type were discovered independently i n Japan [1,10,1,11] and i n England 

[1,12] ; the v i t r e o u s m a t e r i a l s were found t o occur on the manufacture 

of s i l i c o n n i t r i d e . When s i l i c o n n i t r i d e i s made by hot pressing w i t h 

a d d i t i v e s (included t o improve 4c->>sv^^t -nt:-^-.,.^ a l i q u i d phase formed at 

high temperatures can be cooled t o an o x y n i t r i d e glass s rather than t o 

an oxide glass as f i r s t thought. More i m p o r t a n t l y , the f i n i s h e d ceramic 

contains a glassy g r a i n boundary phase which g r e a t l y Influences i t s 

mechanical p r o p e r t i e s a t high temperatures, and t h i s has also been 

i d e n t i f i e d as an o x y n i t r i d e glass[ 1,13, 1.14], The I n i t i a l researches 

on the three f a b r i c a t i o n techniques of hot-pressing, r e a c t i o n bonding 
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and pressureless s i n t e r i n g l e d to a broader I n t e r e s t i n the general 

f i e l d of n i t r o g e n ceramics. This i n t e r e s t was i n t u r n f u r t h e r extended 

by the discovery made by Jack and Wilson [ 1.12] and independently by 

Oyama and Kamlgalto [1,10] t h a t i n s i l i c o n n i t r i d e i t was possible to 

replace s i l i c o n by aluminium and also t o replace n i t r o g e n by oxygen 

witho u t changing the structureo This led t o the r e a l i s a t i o n that there 

was a very wide f i e l d of n i t r o g e n ceramics able t o be formed by a l l o y i n g 

s i l i c o n n i t r i d e w i t h alumina and other metal oxides and n i t r i d e s . The 

name " s i a l o n " [ Jack, 1„9 ] has become a generic term f o r phases i n the 

Si-Al-O-W and r e l a t e d systems which are p r i m a r i l y a l u m i n o - s l l i c a t e s i n 

which oxygen i s p a r t i a l l y or completely replaced by ni t r o g e n and which 

may be e i t h e r c r y s t a l l i n e or v i t r e o u s i n nature. Again the sialons 

showed advantages over s i l i c o n n i t r i d e as regards t h e i r physical 

p r o p e r t i e s p a r t i c u l a r l y i n respect of s p e c i f i c modulus, and high 

temperature s t r e n g t h . 

About e i g h t years ago i t was found, w i t h i n the general framework of 

research I n t o s i a l o n s t r u c t u r e s , t h a t bulk n i t r o g e n glasses could be 

made i n the magnesium-silicon-oxygen-nitrogen system and also i n the 

y t t r i u m and magnesium s i a l o n systems [ Jack, 1.16]. Glassy phases had 

been p r e v i o u s l y observed during d e n s i f i c a t l o n of s i l i c o n n i t r i d e by 

hot-pressing or p r e s s u r e l e s s - s i n t e r i n g w i t h an oxide a d d i t i v e , which can 

provide s u i t a b l e c o n d i t i o n s f o r l i q u i d phase s i n t e r i n g . Magnesium, f o r 

example, resets w i t h the surface layer of s i l i c o n which i s always 

present on the surface of the s i l i c o n n i t r i d e , r e s u l t i n g i n a glass w i t h 

a low s o f t e n i n g temperature occurring at g r a i n boundaries ; i n t h i s 

instance the i n t e r - g r a n u l a r v i t r e o u s phase i s delet e r i o u s since the 

creep resistance of the high density s i l i c o n n i t r i d e decreases r a p i d l y 
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above 1000°C, A d i f f e r e n t type of r e s u l t occurs when hot-pressing 

s i l i c o n n i t r i d e w i t h y t t r i a ; a Y-Si-O-N l i q u i d forms which reacts w i t h 

more n i t r i d e t o give a very r e f r a c t o r y complex o x y n i t r i d e glass which 

improves the high temperature p r o p e r t i e s of the s i l i c o n n i t r i d e . I t i s 

now g e n e r a l l y accepted t h a t these glassy phases are i n f a c t o x y - n i t r l d e s 

[Jack, 6,98 Drew et a l 1 . 1 9 ] , 

The importance of these glasses i n the performance of s i l i c o n 

n i t r i d e ceramics, the r e a l i s a t i o n t h a t appropriate o x y n i t r i d e glasses 

might r e s u l t i n glass ceramics which could be shaped i n the glassy phase 

before d e v i t r i f i c a t i o n t o c r y s t a l l i n e phases of hi g h l y r e f r a c t o r y 

n i t r i d e s and o x y n i t r i d e s together w i t h the i n d i c a t i o n s from the e a r l i e r 

work t h a t the i n c l u s i o n of n i t r o g e n might produce glasses w i t h 

t e c h n o l o g i c a l l y u s e f u l p r o p e r t i e s , has led to increased i n t e r e s t i n the 

p r e p a r a t i o n and p r o p e r t i e s of o x y n i t r i d e glasses. Jack et a l [ 1,15s 

1 , 1 6 ] reported Hg-Sl-Al-O-N, Y-Sl-Al-O-N and Li-Si-Al-O-N glasses 

c o n t a i n i n g 10-12 atomic Z n i t r o g e n . S h l l l i t o [ I.IT} ] achieved up to 5 

atomic % n i t r o g e n i n Y-Si-Al-O-N glasses, Loeljman [ 1 , 1 8 ' ] prepared 

Y-Sl-Al-O-N glasses c o n t a i n i n g up t o 7 atomic % nit r o g e n and mentioned 

t h a t some La-Sl-Al-O-N and Ca-Sl-Al-O-N glasses had also been made, 

Ca-Si-Al-O-N and Nd-Sl-Al-O-N 

glasses w i t h 10-12 atomic % have been reported by Jack, Thompson, 

Hampshire and Drew [1,19, 1,20, 1 . 2 1 ] , 

One of the f i r s t systematic attempts t o f a b r i c a t e a series of bulk 

specimens of o x y - n l t r l d e glasses was made by Drew [ 1 . 2 1 ] working at the 

Crystallography Laboratory, U n i v e r s i t y of Newcastle-upon-Tyne and a l l 

the specimens examined i n the work described I n t h i s t hesis came from 
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t h a t source. The d e t a i l s of the preparative methods adopted have been 

discussed at length by Drew [Drew, PhoD.Thesis l , 2 l ] - I n most instances 

s i l i c o n n i t r i d e was used as a s t a r t i n g n i t r i d e although some 

compositions used aluminium n i t r i d e or a mixture of aluminium n i t r i d e 

and s i l i c o n n i t r i d e . Compositions i n the Magnesiinn-alumlnium-sllicon, 

the calcium-aluminium-silicon, the y t t r i u m - a l u m i n i u m - s l l l c o n and the 

neodymium-aluminium-silicon o x y - n i t r i d e glass systems were made, 

s t a r t i n g from mixtures of powders of the appropriate components 

subsequently formed i n t o p e l l e t s which, a f t e r being introduced i n t o 

e i t h e r a high alumina or boron n i t r i d e c r u c i b l e , were f i r e d at about 

1700"'C i n a tungsten resistance furnace or at higher temperaturs i n an 

i n d u c t i v e l y heated g r a p h i t e furnace. The design of the furnaces 

a v a i l a b l e t o Drew l i m i t e d the fusions t o batches of about 20 gm i n 

weight when preparing specimens f o r property measurement but despite 

r e s i s t r i c t i o n s imposed by the dimensions of the hot zones of the various 

furnaces - u s u a l l y only a few centimetres long at maximum - i t was 

possible f o r specimens of about 1 cm diameter and up t o 1 cm t h i c k to be 

produced i n most instances. The a v a i l a b i l i t y of specimens of t h i s order 

of s i z e was e s s e n t i a l - as w i l l become evident l a t e r - i n order t o 

enable the d i e l e c t r i c measurement programme forming the bulk of the work 

described i n the present t h e s i s t o be undertaken. 

At the time when the present work was commenced there was already a 

strong i n t e r e s t i n the Department of Applied Physics and Electronics at 

Durham U n i v e r s i t y both i n the development of p r e c i s i o n techniques f o r 

the measurement of p e r m i t t i v i t y and d i e l e c t r i c loss and i n the study of 

the d i e l e c t r i c behaviour of ceramics. Low frequency bridge techniques 
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had been applied t o the study of doped calcium tungstate [ Thorp and 

Ammar, 1,22], a m a t e r i a l used i n s i n g l e c r y s t a l form f o r laser rods, and 

y t t r i a s t a b i l i s e d z i r c o n i a [ Ihorp and Buckley, 1.23] whose p o t e n t i a l as 

a r e f r a c t o r y e lectrode i n magneto-hydrodynamlc generators was being 

assessed 5 w h i l e the former study provided an example of a precise 

measurement on several s i n g l e , chemically w e l l - d e f i n e d m a t e r i a l s , the 

l a t t e r i l l u s t r a t e d the use of d i e l e c t r i c measurement i n i d e n t i f y i n g 

i m p u r i t i e s . I n t h i s instance c o l l o i d a l zirconium formed by s o l i d s t a t e 

e l e c t r o l y s i s . Later s i m i l a r precise low frequency bridge methods were 

employed i n an extensive study of doped magnesitim oxide s i n g l e c r y s t a l s 

[Thorp and Rad 1.24] where i t was shown th a t the e f f e c t s due t o 

d i f f e r e n t s u b s t i t u t i o n a l dopants could be followed at dopant 

concentrations of as l i t t l e as a few hundred ppm. The s p e c i f i c 

i n t e r e s t i n the behaviour of o x y - n i t r i d e glasses arose from two main 

con s i d e r a t i o n s . I n the f i r s t - and more general- instance there had 

become a v a i l a b l e a new group of m a t e r i a l s and i t was of s c i e n t i f i c 

importance t o assess whether t h e i r d i e l e c t r i c p r o p e r t i e s f i t t e d the 

general p a t t e r n found f o r oxide glasses w i t h p a r t i c u l a r regard t o the 

c o n d u c t i v i t y mechanisms involved and to the changes i n behaviour, i f 

any, caused by the i n t r o d u c t i o n of n i t r o g e n . I n the second place there 

was an i n t e r e s t i n the p o t e n t i a l use of o x y - n i t r i d e glasses as 

electro-magnetic window and radome m a t e r i a l s as a l t e r n a t i v e s to s i l i c o n 

n i t r i d e , alumina or oxide glass ceramics. This second I n t e r e s t 

h i g h l i g h t e d the area of measurement techniques where a d d i t i o n a l e f f o r t 

was r e q u i r e d . Since the relevant frequency range of operation f o r window 

and radome m a t e r i a l s I s , broadly, i n the microwave region ( t y p i c a l l y 
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around 9 GHz) there was a need to develop s u i t a b l e techniques not only 

at these microwave frequencies but a l s o , i n order t o f o l l o w the 

frequency v a r i a t i o n of p e r m i t t i v i t y and d i e l e c t r i c loss and to allow 

d e t a i l e d comparison w i t h low frequency data, at some or a l l of the 

intermediate p o s i t i o n s over t h i s wide range of nearly seven decades of 

frequencyo I n t h i s s i t u a t i o n i t q u i c k l y became apparent t h a t , although 

there were many possible techniques l i s t e d i n the l i t e r a t u r e , there were 

very few which appeared capable (without f u r t h e r re <fj ement) of the 

accuracies required when dealing w i t h l o s s - l o s s m a t e r i a l . Furthermore, 

an a d d i t i o n a l i n t e r e s t i n the radome context lay i n the i n f r a - r e d 

ahsorhtive p r o p e r t i e s of the o x y - n l t r i d e glasses, since i n modern 

a p p l i c a t i o n s radomes may be used to house both microwave radar and 

0 4 i f f l r a - r e d sensing equipment simultaneously. 

As a r e s u l t of these considerations the work described i n t h i s 

t h e s i s was arranged so as t o cover both research i n t o experimental 

methods f o r the p r e c i s e determination of p e r m i t t i v i t y and d i e l e c t r i c 

l o s s of low loss m a t e r i a l s over a very wide range of frequencies and the 

a p p l i c a t i o n of these general methods to the s p e c i f i c study of 

o s y - n i t r i d e glasses. I n summary. Chapter 2 o u t l i n e s low frequency 

techniques f o r the measurement of p e r m i t t i v i t y and d i e l e c t r i c l o s s , 

g i v i n g d e t a i l s of the requirements on specimen geometry, the apparatus 

and experimental procedure and the methods of c a l c u l a t i n g the 

p e r m i t t i v i t y (e') and d i e l e c t r i c loss (e") concluding w i t h a discussion 

of the m o d i f i c a t i o n s i n technique required t o enable low frequency 

measurements to be made at high temperatures of up to 1000°C. The 

extension of measurement techniques to the microwave region i s discussed 

i n Chapter 3 which describes the p e r t u r b a t i o n theory of resonant 
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c a v i t i e s B and the c o n s t r u c t i o n a l and o p e r a t i o n a l features of measurement 

systems operating at 2.9 GHz and 9.4 GHz r e s p e c t i v e l y . The d i e l e c t r i c 

behaviour of o x y - n i t r i d e glasses i n the audio-frequency (A,F.) region i s 

described i n Chapter 4 which d e t a i l s the experimental r e s u l t s f o r a 

number of glasses of d i f f e r e n t compositions and I n t e r p r e t s the data i n 

terms of a hopping c o n d u c t i v i t y model f i t t i n g the Universal Law of 

d i e l e c t r i c response. Chapter 5 extends t h i s discussion to the higher 

frequency range by g i v i n g the microwave data obtained and comparing i t 

w i t h t h a t obtained at lower frequencies. The temperature dependence of 

the p e r m i t t i v i t y and d i e l e c t r i c loss i s reported and analysed i n terms 

of loss peaks i n Chapter 6. F i n a l l y an account of preliminary o p t i c a l 

( i n f r a - r e d ) studies of the - i . r . s p e c t r a and absorption properties of the 

o x y - n l t r i d e glasses i n given i n Chapter 7 while the Appendices include 

r e p r i n t s of published papers on the d i e l e c t r i c behaviour of doped 

magnesium oxide» which were also completed during the period of the main 

research. 
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CHAPTER 2 

THE MEASUREMENT OF PERMITTIVITY AND DIELECTRIC LOSS ; 

I LOW FREQUENCY TECHNIQUES 

2.1 INTRODUCTION 

I n general, the d i e l e c t r i c p r o p e r t i e s of s o l i d s are measured by 

co n s t r u c t i n g p a r t of an e l e c t r i c component or c i r c u i t from the s o l i d and 

measuring i t s p r o p e r t i e s . The f i n i t e bandwidths of p r a c t i c a l components 

and c i r c u i t s means t h a t measurement over a wide frequency range requires 

the use of more than one technique. 

The group at Durham has been b u i l d i n g a c a p a b i l i t y f o r very broad 

band d i e l e c t r i c measurement by designing a range of compatible 

techniques. These have been designed t o accept small specimens so that 

new m a t e r i a l s can be i n v e s t i g a t e d on becoming a v a i l a b l e i n laboratory 

q u a n t i t i e s o 

This work involved the development of techniques which could detect 

small d i f f e r e n c e s i n d i e l e c t r i c constants between d i f f e r e n t m a t e r i a l s , 

i n order t o study r e l a t i o n s h i p s between d i e l e c t r i c constants and 

composition when composition i s changed by small amountso Of the 

techniques developed, the low frequency and radio frequency techniques 

are described i n t h i s chapter, and the microwave techniques are 

described i n Chapter 3, 

Other techniques used without a d d i t i o n a l development are also 

described b r i e f l y i n t h i s chapter. 
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2.2 BRIDGE METHODS 

2.2.1 General features 

For frequencies i n the range 500 Hz to 20 KHz, specimen m a t e r i a l 

was used as the d i e l e c t r i c of a p a r a l l e l p l a t e capacitor whose 

capacitance C and conductance G were measured w i t h a transformer r a t i o 

arm b r i d g e . From these and the capacitor dimensions e ' and e" were 

c a l c u l a t e d . 

I f the p a r a l l e l p l a t e capacitor were ' i d e a l ' , as i n Fig 2.1a , e' 

and e" could be c a l c u l a t e d simply from 

C = f ^ f o ^ (2.1) 
d 

and 

_ _ a»C e" (2.2) 

where A i s the electrode area, d the electrode separation and e', e" the 

c h a r a c t e r i s t i c s of the m a t e r i a l between the p l a t e s . These equations 

hold e x a c t l y i f the e l e c t r i c f i e l d i s everywhere perpendicular to the 

electrodes and does not extend beyond them, the contact between 

electrode and d i e l e c t r i c i s p e r f e c t , and a l l current flow i s through the 

b u l k of the d i e l e c t r i c . I n p r a c t i c e t h i s i s seldom t r u e and a d d i t i o n a l 

terms are r e q u i r e d , g i v i n g equations whose form depends on the d e t a i l s 

of the apparatus and the technique employed. 

I n a r e a l p a r a l l e l p l a t e capacitor (Fig 2.1b) the e l e c t r i c f i e l d 

extends beyond the electrode edges g i v i n g an ac t u a l value of capacitance 

greater than the i d e a l value of (e^ e'A/d) by an amount Ĉ , known as the 

edge or f r i n g e capacitance. I t s magnitude i s determined by the 
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ele c t r o d e dimensions. I t can be calculated f o r most electrode 

c o n f i g u r a t i o n s [Scott and C u r t i s , 2.1, Lynch 2.2] and can be as much as 

10% of the t o t a l capacitance. 

Gaps between the electrodes and the specimen surfaces form small 

a i r - d i e l e c t r i c c a p a c i t o r s i n series w i t h the t e s t c a p acitor, and so 

introduce e r r o r s i n t o both capacitance and conductance. As small values 

of capacitance and conductance have a large e f f e c t on t o t a l performance 

when connected i n s e r i e s , even very small airgaps produce serious 

e r r o r s . These must be reduced, e i t h e r by e l i m i n a t i n g the airgaps by the 

p r i o r a p p l i c a t i o n of t h i n metal secondary electrodes to the d i e l e c t r i c 

surface, or by using a d e l i b e r a t e airgap. 

The use of a d e l i b e r a t e airgap i s the recommended standard 

technique i n both B r i t a i n and America. Detailed d e s c r i p t i o n s are given 

f o r t h i s frequency range i n Lynch [2.3, 2.4], B r i t i s h Standards 

I n s t i t u t e (B54542 1970) and ASTM (D-9), and f o r s l i g h t l y higher 

frequencies i n Hartshorn and Ward [ 2 . 5 ] , BS2067 [1953] and ERA [1973]. 

The p a r a l l e l p l a t e c a p a c i t o r i s measured f i r s t l y w i t h the specimen 

placed l o o s e l y between the p l a t e s , and secondly without a specimen. 

Although experimental^ quick and convenient f o r comparing d i f f e r e n t 

specimens, and w i t h accurately c a l c u l a b l e edge capacitance [Lynch 2,2, 

Blanco White 2.6], p r e l i m i n a r y S ^ t s showed t h a t the small sizes and low 

d i e l e c t r i c losses of the o x y n l t r i d e specimens produced changes i n 

conductance too small f o r accurate measurement by t h i s method. 

Secondary electrodes were t h e r e f o r e used. 

The c o n f i g u r a t i o n of the secondary electrodes a f f e c t s both the 

accuracy of the conductance measurement and the value of the edge 

capacitance. 
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For the conductance measurement to be accurate, surface conduction 

over the edges o f the d i e l e c t r i c must be small i n comparison w i t h the 

conduction through the bulk m a t e r i a l . I f electrodes smaller than the 

specimen can be used, the increase i n the length of the surface path 

increases surface resistance and reduces surface conductance [Hartshorn 

and Ward 2 , 5 , Blumenthal and Seitz 2 o 7 ] o This technique was used here, 

as electrodes small enough t o reduce the surface conduction t o 

acceptable l e v e l s also gave s a t i s f a c t o r y values of capacitance and 

conductanceo Edge capacitances were c a l c u l a t e d from the formulae of 

Scott and C u r t i s [ 2 , 1 ] o 

The a l t e r n a t i v e technique of using a t h i r d guard electrode was 

experimentally more complicated and o f f e r e d l i t t l e advantage i n 

accuracy. I n such an arrangement the guard electrode i s connected to 

e a r t h . Current paths e x i s t between each large electrode and the guard 

electrode but not between the large electrodes, thus preventing surface 

conduction c o n t r i b u t i n g t o the conductance measurement. Edge 

capacitance can be reduced by s u i t a b l e design of the guard electrode 

[Van Hippel 2 o 8 ] , I f the guard i s at l e a s t twice as wide as the 

specimen i s t h i c k , the extent of the f r i n g i n g f i e l d and hence the 

magnitude of the edge capacitance i s determined by the width of the gap, 

and can be made small. 

Gold was used f o r the secondary electrodes. I t does not tend to 

d i f f u s e i n t o glassy m a t e r i a l s under e l e c t r i c f i e l d s except at high 

temperatures. Aluminium, copper and s i l v e r d i f f u s e more r e a d i l y and 

o x i d i s e more q u i c k l y [Dal ton 2 , 9 , Kim and Tomozawa 2 , 1 0 ] , T h e 

c o n d u c t i v i t y 

of gold at these frequencies i s high enough f o r the rather t h i n 

electrodes produced by evaporation to be s a t i s f a c t o r y . Evaporation w i t h 

s u i t a b l e masks has the advantage of producing w e l l defined electrodes 

w i t h sharp edges, whose area can be measured accurately. 
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Although t h i c k , higher c o n d u c t i v i t y electrodes can be obtained by using 

metal f o i l s , these have t o be r o l l e d onto the m a t e r i a l w i t h low 

e l e c t r i c a l loss adhesive such as s i l i c o n grease, and then trimmed to 

s i z e . Metal p a i n t s have lower c o n d u c t i v i t i e s but contain solvents which 

must be removed by baking. 

2.2.2 Specimen Preparation 

Specimens 0.5 mm t h i c k were cut from the bulk m a t e r i a l on a diamond 

wheel c u t t i n g machine. Diameters were l i m i t e d to about 10 mm by the 

size of the bulk pieces. Care was taken to make the large surfaces f l a t 

and p a r a l l e l . They were polished w i t h diamond paste to a 0.25 p f i n i s h . 

C i r c u l a r gold electrodes 6mm i n diameter were evaporated onto the f l a t 

surfaces. The specimens were cleaned and d r i e d before applying the gold 

f i l m s . A f t e r the evaporation they were handled w i t h degreased tweezers 

to avoid surface contamination which might increase surface conduction. 

The electrode diameters were measured w i t h a t r a v e l l i n g microscope, and 

as the specimens were not opaque t h i s was also used t o check the 

electrode alignment. 

2.2.3 Apparatus and Procedure 

The main el e c t r o d e system which formed the p a r a l l e l p l a t e capacitor 

i s shown i n Fig.2.2. The electrodes were brass, e l e c t r i c a l l y i s o l a t e d by 

perspex mountings. The specimen w i t h gold secondary electrodes was 

placed on the lower e l e c t r o d e , which was f i x e d . The upper electrode 

whose v e r t i c a l p o s i t i o n was c o n t r o l l e d by a micrometer head was lowered 

to make f i r m contact w i t h the specimen. The brass electrodes were made 

s l i g h t l y smaller than the gold electrodes, so that the gold defined the 

area of m a t e r i a l t o which the e l e c t r i c f i e l d was applied. The 

resistance of the gold f i l m at these frequencies was too small f o r the 

p r o j e c t i o n of the gold beyond the main electrode to cause s i g n i f i c a n t 
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e r r o r s : t e s t measurements on one set of gold electrodes w i t h brass 

electrodes of large and small diameters showed no measurable d i f f e r e n c e . 

The system was enclosed i n a metal box, i s o l a t e d from both electrodes 

and earthed t o bridge e a r t h , thus p r o v i d i n g good electromagnetic 

screening. Bridge connections were made by screened leads. A standard 

Wayne Kerr B224 bridge was used. At balance t h i s gave d i r e c t readings 

of capacitance and conductance. With the specimen i n p o s i t i o n , a t r a y 

of dry s i l i c a g e l was placed Inside the screened enclosure, about 20 

minutes before t a k i n g measurements. This ensured t h a t the specimen was 

measured i n a dry stmosphere, and prevented condensation on the specimen 

surface and the perspex mountings forming leakage current paths. The 

bridge was f i r s t trimmed w i t h n e i t h e r apparatus nor leads connected t o 

i t . The apparatus c o n t a i n i n g the specimen was then connected, and the 

bridge was balanced, g i v i n g the t o t a l capacitance Ĉ^ and the t o t a l 

conductance Ĝ .̂ Ĉ  and Ĝ  were noted at several frequencies i n the 

range. The specimen was removed, the upper electrode was reset to the 

same p o s i t i o n , and the bridge was rebalanced at the same frequencies, 

g i v i n g and G2, These values allowed the st r a y capacitance and 

conductance t o be estimated. For each specimen, measurements were made 

at l e a s t twice w i t h each set of evaporated gold electrodes, and w i t h a t 

l e a s t two d i f f e r e n t sets of evaporated gold electrodes. This was 

e s s e n t i a l as o c c a s i o n a l l y poor evaporation, although v i s u a l l y p e r f e c t , 

gave r e s u l t s which were i n e r r o r by 50%-100%. This was thought t o be 

caused by contamination of the specimen immediately before the 

evaporation. 
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2.2.4 C a l c u l a t i o n of p e r m i t t i v i t y 

The r e l a t i v e d i e l e c t r i c constant ( p e r m i t t i v i t y ) i s given by the 

r a t i o 

' ^ _C_ (2.3) 
^ C 

o 

where C = the capacitance of a capacitor w i t h the m a t e r i a l as 

d i e l e c t r i c , 
C^= the capacitance of the same capacitor w i t h a i r as d i e l e c t r i c . 

As the d i e l e c t r i c constant of a i r , eo, i s kno>m, € can calculated 
o 

from the iplectrode dimensions and measurement of C therefore gives e'. 

The measured value Ĉ  comprises the capacitance of the specimen 

ca p a c i t o r , C, and the s t r a y capacitance i n the apparatus, C , 
s 

C- = C + C (2.4) 
1 8 

The value Ĉ  comprises the capacitance of the capacitor formed by the 

main electrodes w i t h a i r as d i e l e c t r i c , C , and the same st r a y 
m 

capacitance. 

S = m̂ ^s (2.5) 

Substracting e l i m i n a t e s G , which i s not ca l c u l a b l e , 
8 

C = C ^ - S + C ^ (2.6) 

The d i e l e c t r i c constant i s given by 

C -C + C 
^' = ^ = ' C (2.7) 

8 g 

where C i s the capacitance of the capacitor formed by the gold 
8 
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secondary electrodes w i t h a i r as d i e l e c t r i c s . C, and C. are known ; C 
1 1 m 

and C are c a l c u l a b l e . S 

C includes a c o n t r i b u t i o n due t o edge capacitance which i s not 

cancelled when i s subtracted from Ĉ  as i t s magnitude i s d i f f e r e n t i n 

each case ; f o r C2 the f r i n g i n g e l e c t r i c f i e l d i s i n a i r , while f o r Cj^ 

i t i s mostly i n the p a r t of the specimen m a t e r i a l which extends beyond 

the e l e c t r o d e s . As C includes edge capacitance, C and C must also 
m g 

include the appropriate edge capacitance c o n t r i b u t i o n s i f the formula 

f o r e' i s t o be v a l i d . Following Scott and C u r t i s [.2.1] 1, the corrected 

values were c a l c u l a t e d from ; 

e A /1.113 D \ „„/8TrD^, , C_ _ o m , / m £nl m - 3 , /o q\ 

e A _̂  /1.113 D \ „ /8irD \ , 

where A^, D^ are the area and diameter of the gold secondary electrodes, 

and A , D , those of the main electrodes of the apparatus, d i s the g g 

electrode separation. 

2.2.5 C a l c u l a t i o n of the d i e l e c t r i c loss 

The measured value Ĝ  includes the s t r a y conductance i n the 

apparatus, G2. Taking the conductance of dry a i r as n e g l i g i b l e , the 

value G2 gives the s t r a y conductance d i r e c t l y . THe conductance of the 

specimen m a t e r i a l i s t h e r e f o r e 
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The loss f a c t o r e", loss tangent tan 6, and c o n d u c t i v i t y o were 

c a l c u l a t e d from the standard d i e l e c t r i c formulae 

tan 6 = J - (2.11) 

^ e' tan S (2,12) 

^ (2,13) 
A 

where a i s the angular frequency at which Ĉ , Ĝ ,̂ Ĉ  and G2 were 

measured. 

2.3 HIGH TEMPERATURE LOW FREQUENCY TECHNIQUE 

Measurements were made over the frequency range 500 Hz t o 20 KHz at 

temperatures up t o 500''C by suspending the same p l a t e specimens measured 

at room temperature i n s i d e a v e r t i c a l furnace, and measuring capacitance 

and conductance on the Wayne Kerr B224 bridge. Gold electrodes were 

evaporated onto the specimen as before. Short platinum wires were 

cemented t o the gold w i t h platinum paste. 

The furnace arrangement i s shown i n Fig 2.3. The specimen was 

suspended from platinum wires threaded through a s i l i c a tube and leading 

t o the bridge connections, A thermocouple monitored the temperature 

near the specimen, A s t e e l furnace tube was used, earthed to provide 

electromagnetic screening of the specimen area. The top of the furnace 

was also shielded and a l l leads e n t e r i n g the shielded area were 

screened. The furnace heating current and c o n t r o l l e r were switched o f f 

w h i l e each measurement was being made. A water-cooled c o l l a r at the top 

of the furnace tube kept the area outside the tube at room temperasture, 

p r o v i d i n g a constant ambient temperature f o r connections and equipment. 
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An i n e r t atmosphere of argon was maintained i n the specimen area. The 

maximum temperature of 500°C was chosen t o be w e l l below the glass 

t r a n s i t i o n temperature T , reported by Drew [2.11,2.12] to be i n the 
8 

range 800''C t o 1000°C, i n order t h a t s t r u c t u r a l changes i n the m a t e r i a l 

would not occur as the temperature was ra i s e d . 

Two other possible causes of change i n the specimen m a t e r i a l at 

high temperature are d i f f u s i o n of electrode m a t e r i a l i n t o the m a t e r i a l , 

and r e a c t i o n w i t h the surrounding atmosphere. The use of gold 

electrodes and an upper temperature l i m i t of 500''C should present the 

fixst, and the i n e r t argon atmosphere the second, but as these 

o x y n i t r i d e s were new m a t e r i a l s no experimental data was a v a i l a b l e . As a 

check t h e r e f o r e , a f t e r the measurements at each of the selected 

temperatures i n the range, the specimen was returned t o room temperature 

and the values of capacitance and conductance measured at a few 

frequencies. No measurable change i n the room temperature values was 

observed. 

At each temperature, capacitance Ĉ  and conductance Ĝ  were 

measured at the same frequencies as i n the room temperature 

measurements, e' and e"were c a l c u l a t e d from 
S (2.14) T = 

C + C o e 

where C = o 8 o — 5 — ^ 

and C 
e 

1.113 D 

e" e\ ( t a n 6 ) ^ (2.15) T T ' 'T 

( t a n 6 ) ^ = S (2.16) 
0) Ĉ  

a = (2.17) 
T - 7 — 
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2 . 4 COAXIAL LINE METHODS 

MeasuApents over the frequency range 5 0 0 MHz t o 5 GHz were 

f a c i l i t a t e d the development of p r e c i s i o n c o a x i a l l i n e techniques 

which were themselves i n i t i a t e d by the need encountered i n e a r l i e r work 

on doped magnesium oxide f o r greater p r e c i s i o n i n the d i e l e c t r i c 

constant measurement^ w i t h low loss materials,, 

The measurements V e r e made using c o a x i a l l i n e methods i n which a 

di8c=shaped sample i s f i s t e d i n a c o a x i a l holder terminated by e i t h e r a 

short c i r c u i t s a matched t e ^ i n a t i o n or a resonance c i r c u i t ; the d e t a i l s 

of these techniques have b^en described r e c e n t l y by Kulesza et a l 

[2.13]= For these measurements c i r c u l a r samples of about 6 o 5 mm 

diameter and 0 o 5 mm t h i c k were ^put from the bulk o x y n i t r i d e glasses 

using conventional diamond cuttingX methods and polished w i t h diamond 

jaste t o 0 < , 2 5 fjm f i n i s h e s . The \ o a x i a l l i n e w i t h s h o r t - c i r c u i t 

t e r m i n a t i o n proved most s u i t a b l e f o r ^ e determination of e' i n the 

frequency range 5 0 0 MHz t o 5 GHz while £he\coaxial l i n e resonance method 

was found t o be p r e f e r a b l e f o r e" de'sermination. The matched 

t e r m i n a t i o n method gave r e l i a b l e answers only below about 1 GHz and was 

more s u i t a b l e f o r the lower d i e l e c t r i c constantVompositionSo Above 5 

GHz the voltage standing wave r a t i o (VSWR) measuredVby the coaxial l i n e 

resonance method becomes very highj, thus e f f e c t i v e l y ^ ^ s e t t i n g an upper 

frequency l i m i t of about 5 GHz f o r the loss measurements on those 

glasses. 



21 

2„A COAXIAL LINE METHODS 

2 o 4 . 1 General Comments 

Measurements over the frequency range 5 0 0 MHz t o 5 GHz were 

f a c i l i t a t e d by the development of p r e c i s i o n coaxial l i n e techniques 

which were themselves i n i t i a t e d by the need encountered i n e a r l i e r work 

on doped magnesium oxide f o r greater p r e c i s i o n i n the d i e l e c t r i c 

constant measurements w i t h low loss materials» 

The measurements were made using c o a x i a l l i n e methods i n which a 

disc-shaped sample i s f i t t e d i n a co a x i a l holder terminated by e i t h e r a 

short c i r c u i t s a matched t e r m i n a t i o n or a resonance c i r c u i t ; the d e t a i l s 

of these techniques have been described r e c e n t l y by Kulesza^ Thorp and 

Ahmad [ 2 o l 3 ] o 

For these measurements c i r c u l a r samples of about 6 « 5 mm diameter 

and 0 o 5 mm t h i c k were cut from the bulk o x y n i t r i d e glasses using 

conventional diamond c u t t i n g methods and polished w i t h diamond paste to 

0 < , 2 5 ym f i n i s h e s . The c o a x i a l l i n e w i t h s h o r t - c i r c u i t termination 

proved most s u i t a b l e f o r the determination of e' i n the frequency range 

5 0 0 MHz t o 5 GHz w h i l e the co a x i a l l i n e resonance method was found t o be 

pr e f e r a b l e f o r e" determination. The matched te r m i n a t i o n method gave 

r e l i a b l e answers only below about 1 GHz and was more s u i t a b l e f o r the 

lower d i e l e c t r i c constant compositions. Above 5 GHz the voltage 

standing wave r a t i o (VSWR) measured by the co a x i a l l i n e resonance method 
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becomes very highj, thus e f f e c t i v e l y s e t t i n g an upper frequency l i m i t of 

about 5 GHz f o r the loss measurements on those glasses. The f o l l o w i n g 

sections summarise the main features of the theory and experimental 

procedures, 

2,4.2 P r i n c i p l e s of Methods 

Two c o a x i a l l i n e techniques f o r the determination of complex 

p e r m i t t i v i t i e s of s o l i d s and l i q u i d s were developed. Both methods use a 

co a x i a l sample holder e s p e c i a l l y designed f o r t h i s purpose, 

i n c o r p o r a t i n g a p a r a l l e l p l a t e capacitor i n series w i t h the inner 

conductor. 

The f i r s t s the matched t e r m i n a t i o n method„ i s e s s e n t i a l l y a 

comparison technique using a i r as the reference d i e l e c t r i c . I n t h i s 

case5 the changes i n the voltage standing wave p a t t e r n are recorded when 

the sample m a t e r i a l i s i n s e r t e d . Precise measurements of the r e f l e c t i o n 

c o e f f i c i e n t and s h i f t i n the standing wave minimtim are of importance, as 

the f o l l o w i n g theory w i l l show. I n order t o improve f u r t h e r the 

accuracy of measuring the voltage standing wave r a t i o , VSWR, i t s values 

are lowered by t e r m i n a t i n g the sample holder w i t h the c h a r a c t e r i s t i c 

impedance, Z^, 

I n the second method, the resonant l i n e method, the c h a r a c t e r i s t i c 

impedance t e r m i n a t i o n i s replaced by an adjustable short c i r c u i t known 

as the r e a c t i v e stub. A f t e r the t e s t m a t e r i a l i s placed i n the sample 

holder the VSWR readings are taken and p l o t t e d against the varying stub 

lengths. Maximum occurs at resonance when the termination of the l i n e 

i s r e s i s t i v e and t h i s value of VSWR, VSWR^, i s r e l a t e d to the loss 

tangent of the m a t e r i a l , i . e . tan 6 = e'Ve'c The procedure can be 

succ e s s f u l l y employed f o r low loss m a t e r i a l s when the value of e' i s 

known; possibly determined by the former matched-termination technique. 
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Both methods can be used f o r frequencies i n the 200 MHz to 9 GHz 

range and normally r e q u i r e only conventional apparatus. I t w i l l be 

apparent from the f o l l o w i n g paragraphs, however» tha t b e t t e r r e s u l t s are 

achievable w i t h more s e n s i t i v e instruments and higher p r e c i s i o n 

components. 

2.4.3 Coaxial Line Sample Holder 

The e x t e r n a l and cro s s - s e c t i o n a l views of the sample holder are 

shown i n Fig 2.4a and 2.4b. I t was made from brass w i t h the i n t e r n a l 

and e x t e r n a l diameters chosen t o give t h e o r e t i c a l l y a c h a r a c t e r i s t i c 

impedances Z^s of 50 ohms. The design was based dimensionally on the 

connector assembly of the General Radio s l o t t e d l i n e system used i n the 

measurements. Part of the inner conductor was made replaceable both to 

allow d i f f e r e n t sample thicknesses t o be in s e r t e d and f o r possible 

s p r i n g removal. The access t o the gap i s through a cutout window on the 

outer conductor. When the sample holder i s i n use a slide-on 

c l o s e - f i t t i n g r i n g clamps the window cover i n place. A f u n c t i o n a l 

r e p r e s e n t a t i o n of the gap i s given i n Fig 2.4c. 

The performance of the sample holder was examined by measuring i t s 

VSWR over the o p e r a t i o n a l frequency range when terminated w i t h Ẑ . The 

r e s u l t i n g p l o t i n F ig 2.5a f o r the u n i t w i t h the gap closed s a t i s f i e d 

the requirements adequately. Further» the d e v i a t i o n of VSWR from the 

c a l c u l a t e d values as a f u n c t i o n of the a i r gap spacing i n Fig 2,5b gave 

an a d d i t i o n a l check on the possible e r r o r s introduced by the sample 

holder. These measurements helped i n estimating the tolerances i n the 

values of the r e f l e c t i o n c o e f f i c i e n t and l a t e r the accuracy of e' and e" 

components of the complex p e r m i t t i v i t y constant. Such p l o t s would 

normally be required at the frequencies of i n t e r e s t and f o r each sample 

holder design. C a l i b r a t i o n of sample holders does not need any 

a d d i t i o n a l equipment nor d i f f e r e n t procedures from those used i n the 
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a c t u a l d i e l e c t r i c measurements. The block diagram i n Fig 2.6 shows the 

experimental apparatus and arrangements f o r the two methods. 

2.4.A The Matched Termination Method 

The sample holder w i t h the m a t e r i a l under t e s t placed i n the gap 

may be represented by the equivalent c i r c u i t of Fig 2.7. The series 
* ft 

capacitance i s given by C^e^ , where i s the r e l a t i v e complex 

p e r m i t t i v i t y of the m a t e r i a l , E ' - j e " , and Ĉ  ( i n farads) i s a f u n c t i o n 

of the a i r p e r m i t t i v i t y , e^, and the r a t i o of the cross-sectional area 

of the inner conductor. A, and the gap spacing, d, i . e . e^A/d. The 

f r i n g i n g f i e l d capacitance, Ĉ , i s associated w i t h the inner conductor 

d i s c o n t i n u i t i e s ( 2 , 1 % 2.IS). 

When the sample holder i s terminated w i t h the c h a r a c t e r i s t i c 

impedance, the r e s u l t i n g l i n e load may be approximated to (2.16, 2.11?), 

^ 1 ^ ja)(C^e^ -̂  C^)Z^ 
ja)(C^e* + cp 

(2.18) 

where u i s the radian frequency. 

The r e f l e c t i o n c o e f f i c i e n t at A-A' may be expressed i n terms of 

impedance (2,1?) as 

= |rJexp(-je,) = V 
+ z 

L o 

(2.19) 

which f o r a i r d i e l e c t r i c , i . e . = 1, may be w r i t t e n as 

f i e f catt^^-^igk) a 

I r J e x p ( - j G ^ ) = 1 (2.21) 

1 + j2a)Z (C e + C^) o o r 1 

Combining Equations (2.20) and (2.21) gives 

a I exp [ j(0 -e )] 
S a 

1 + 2a)Z C g," + j2(DZ C e' + 
G O G O ' 
i + j2(i)Z^C^ 1 + C f 

(2.22) 



0 

o 

- I 

(LU 

Ly 

y j 

y j 

11= 



Q 
O 
X 
!— 
y j 

g 



25 

On equating the r e a l and imaginary parts and s o l v i n g e x p l i c i t y f o r 

e'and e" we f i n a l l y o b t a i n 

e • = 
' i f 2a)Z C o o 

sine 

(2.23) 
and 

2ioZ C o o 
COS0 

2a)Z C o o 

(2.24) 

where 6 = 2Bi ,£ being the standing wave minima l o c a t i o n w i t h the 
8 S 8 

sample m a t e r i a l as the d i e l e c t r i c and 6 = 2-n/X ,X being the wavelength. 
S S 

Using Equations (2.23) and (2,24) or d i r e c t l y from Equation (2.21), 

we can get the f o l l o w i n g i m p l i c i t r e l a t i o n s h i p : 

e' + C./C r o 
e " + l/2a)Z C o o 

= tan €^ (2.25) 

leading t o an approximation 

2ajZ C o o 
tanO (2.26) 

i f 'f « e' 

and e " « 
2a)Z C o G 
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The r e l a t i o n s h i p s between the r e f l e c t i o n c o e f f i c i e n t and the 

d i e l e c t r i c p r o p e r t i e s of the m a t e r i a l under t e s t j f o r a p a r t i c u l a r set 

of dimensions and frequency, are shown i n Fig 2 . 8 . The p l o t s were 

obtained using Equations ( 2 , 2 1 ) and ( 2 . 2 5 ) , and require only the 

experimental values and the r e f l e c t i o n c o e f f i c i e n t magnitude and i t s 

angle t o determine e' and tan 6 f o r the sample m a t e r i a l . 

2 . 4 . 5 The Resonant Line Method 

I f the l i n e i s terminated w i t h a reactance instead of the 

c h a r a c t e r i s t i c impedance» Z^, standing waves w i l l be produced along i t s 

l e n g t h . Such t e r m i n a t i o n can be achieved by using an adjustable 

l o s s l e s s stub connected to the l i n e as the load. The l i n e , i n c o r p o r a t i n g 

the sample holder w i t h a i r or the m a t e r i a l under t e s t i n the gap, 

presents a c a p a c i t i v e impedance (R and C i n s e r i e s ) , By varying the 

stub l e n g t h a maximum reading i n the voltage standing wave r a t i o , VSWR, 

w i l l be observed when the inductance of the stub cancels the r e a c t i v e 

p a r t (C) of the l i n e impedance. This c o n d i t i o n of resonance r e s u l t s i n 

a pure re s i s t a n c e (R) which can be r e l a t e d t o and deduced from the 

normalized minimum impedance value given by 

1 ( 2 , 2 7 ) 

Z VS o 
according t o transmission l i n e theory ( 2 . 1 g ) . The equivalent c i r c u i t of 

the arrangement i s shown i n Fig 2 . 9 and produces the f o l l o w i n g 

r e l a t i o n s h i p s . 
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The impedance of the m a t e r i a l sample may be w r i t t e n as 

Z = 1 (2.28) 
ft 

o r 

where the symbols have the meanings previously defined. 

On s u b s t i t u t i o n f o r the complex p e r m i t t i v i t y 

e* = e' - j e " 

r e s u l t s i n 
Z = e" - j e ' (2.29) 

(DC (e'=* + e"=^) o 

which at resonance w i t h the v a r i a b l e t e r m i n a t i n g stub gives, on equating 

the r e a l and imaginary p a r t s , 

= R = ^o (2.30) 
0)0 (e'^' + e"^) VS o 

and 

e' = Z tanB£ (2,31) 
uC ( e ' ^ + e " T o r 

where i s the stub l e n g t h at resonance. 

Combining equations (2.30) and (2,31) leads t o 

tan6 = e^ = 1 (2,32) 
e' VSWR^ tan B£„ 
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I f e" « e', approximations may be obtained, namely 

^' y J- (2.33) 

and 

uiC Z tan gfi. o o r 

tanS ̂  e'C Zo (2,34) 
° VSl 

or 

e " ^ 1 (2,35) 

As can be seen from the above, e' may be determined from the 

resonant c o n d i t i o n knowing only the relevant stub length, However, 

t o determine e" i t i s also necessary t o know the maximum value of VSWR 

measured a t resonance. The value of tan6 i s given without any 

approximations by Equation (2,32) i n v o l v i n g both parameters, ^SWR^^ and 

r 
2.4.6 Conclusions 

The two methods j u s t described, are independent and may be used f o r 

complementary measurements or mutual v e r i f i c a t i o n of r e s u l t s . These aims 

can be c a r r i e d out w i t h ease since the only d i f f e r e n c e between the two 

sets o f apparatus i s i n the t e r m i n a t i o n , t h a t i s , matched load or 

v a r i a b l e short c i r c u i t stub. 

The matched t e r m i n a t i o n method produces reasonably accurate values 

of e' as can be deduced from equation (2.27) and were supported by the 

r e s u l t s obtained f o r chlorobenzene and PMMA perspex. The values f o r e", 

on the other hand, were not i n such a good agreement w i t h the published 

I n f o r m a t i o n f o r both m a t e r i a l s , although s t i l l very comparable. I t 
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suggests t h a t the method using matched termination may be used w i t h some 
confidence f o r f i n d i n g e'. 

The resonant l i n e method was developed p r i m a r i l y f o r the purpose of 

determining the values of tan6 i n mat e r i a l s having moderate or low 

d i e l e c t r i c l o s s . There are two parameters involved as shown by Equation 

(2,34) = the maximum or the resonant value of VSWR and the r e s u l t a n t 

stub l e n g t h . Some d i f f i c u l t y may a r i s e i n measuring the high VSWR 

values expected i n the case of good i n s u l a t o r s . Highly s e n s i t i v e 

q u a l i t y standing wave meters w i l l normally have the range of 80 dB, 60 

dB att e n u a t o r plus 20 dB on the meter scale. This would imply a VSWR 

range of up t o 10 (20 dB = a f a c t o r of 10) which, however, cannot be 

f u l l y r e a l i z e d i n p r a c t i c e due t o overloading and noise-at-minima 
3 -3 problems. A VSWR of 10 i s possible w i t h care, allowing tan6 of 10 or 

less t o be measured. There may also be a d d i t i o n a l d i f f i c u l t y i n 

e s t a b l i s h i n g g r a p h i c a l l y the a c t u a l ^SWR^^. I f precise measurements 

are not possible around the peak, e x t r a p o l a t i o n of the slopes could give 

an estimate of the maximum value and e r r o r involved. 
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CHAPTER 3 

THE MEASUREMENT OF PERMITTIVITY AND DIELECTRIC LOSS 

I I MICROWAVE TECHNIQUES 

I n order t o i n v e s t i g a t e whether the d i e l e c t r i c constant v a r i e d w i t h 

composition a t microwave frequencies» and i n p a r t i c u l a r to determine i f 

the trends detected at audio frequencies persisted at microwave 

frequencies!, and t h e r e f o r e might p e r s i s t over the 8 decades of 

frequency, techniques t o measure the d i e l e c t r i c constant of our 

specimens at 2 . 9 GHz and at 9 o 3 GHz were developed. 

3 . 1 CHOICE OF EXPERIMENTAL TECHNIQUE 

To meet the o b j e c t i v e s ̂  i t was obviously e s s e n t i a l t o f i n d a 

technique which would detect small d i f f e r e n c e s i n the d i e l e c t r i c 

constants of d i f f e r e n t specimens. To be p r a c t i c a b l e experimentallyo the 

technique should accept small specimens without extensive p r i o r 

machining s, and should allow the specimens t o be interchanged r e a d i l y so 

th a t a range of m a t e r i a l s could be compared q u i c k l y w i t h the minimum of 

change i n experimental c o n d i t i o n s . These f a c t o r s considerably narrowed 

the choice of techniques a v a i l a b l e . 

Whereas at audio frequencies s, and up to the lower ranges of radio 

frequencies s i t i s s a t i s f a c t o r y and convenient to coi^trsict a lumped 

c i r c u i t element from the specimen m a t e r i a l and measure i t s e l e c t r i c a l 

c h a r a c t e r i s t l c s s a t higher frequencies the dimensions of lumped c i r c u i t 

components become i n c r e a s i n g l y comparable w i t h wavelength and accuracy 
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becomes l i m i t e d by incr e a s i n g values of st r a y impedances. I f accuracy 

i s t o be maintained 0 d i s t r i b u t e d c i r c u i t s are necessary above about 100 

BfflZs, and waveguide c i r c u i t s are advisable above 3 GHz. Therefore f o r 

the frequencies required here^ 2.9 GHz and 9.3 GHzj, waveguide techniques 

are optimum. 

I n order t o measure i t s d i e l e c t r i c properties> specimen m a t e r i a l 

must be incorporated i n t o a waiveguide c i r c u i t i n a way which produces a 

measurable and c a l c u l a b l e change i n e l e c t r i c a l behaviour. However» 

waveguide dimensions l i m i t the wavelengths which can propagate to the 

extent t h a t waveguide c i r c u i t s have r e l a t i v e l y narrow bandwidthsp and 

because of t h i s s d i f f e r e n t frequencies may require d i f f e r e n t sizes of 

waveguide. For some techniques t h i s would mean d i f f e r e n t sizes of 

specimen. As w e l l as the obvious disadvantages of r e q u i r i n g more than 

one prepared specimen of each m a t e r i a l under tests t h i s also ^Ir-^a^^es 

the e r r o r between measurements on the same m a t e r i a l at d i f f e r e n t 

frequencies. A technique which can accept the same specimen at 

d i f f e r e n t frequencies i s t o be p r e f e r r e d . 

I n generals techniques which use rigorous s o l u t i o n s of the 

electromagnetic equations are accurate but require specimens of standard 

shapes f i t t e d w i t h mechamical p r e c i s i o n i n t o the waveguide. Some 

r e l a t i v e l y small variations» f o r examples c e r t a i n airgaps between 

specimen and guide w a l l s can be t o l e r a t e d i f coit-jactions are applied. 

Techniques which use p e r t u r b a t i o n theorys howeverp can i n some cases 

accept small specimens of various shapes without precise p o s i t i o n i n g , 

and accuracy i s good provided t h a t the l i m i t a t i o n s of the theory are 

observed. 
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Waveguide techniques also tend to f a l l i n t o two other classes : 

those which measure the transmission of a section of guide or a 

component c o n t a i n i n g specimen m a t e r i a l , and those which measure the 

p r o p e r t i e s of a resonant c a v i t y containing the m a t e r i a l . Rigorous 

s o l u t i o n s of the wave equations and p e r t u r b a t i o n treatments are 

a v a i l a b l e f o r both. 

The technique chosen f o r t h i s work was t o place a small specimen 

i n s i d e a resonant c a v i t y , and c a l c u l a t e i t s d i e l e c t r i c constant from 

p e r t u r b a t i o n theory. I t s u i t e d the requirements of the present work i n 

the two most important respects. F i r s t l y , i t accepts small specimens 

w i t h o u t accurate machining and f i t t i n g i n t o the c a v i t y and the specimens 

are e a s i l y interchanged. Secondly, i t i s s e n s i t i v e to small differences 

i n d i e l e c t r i c constant of the specimen m a t e r i a l , 

A small change i n the m a t e r i a l of the w a l l or d i e l e c t r i c of a 

resonant c a v i t y changes i t s e l e c t r i c a l p r o p e r t i e s by an amount which 

depends on the e l e c t r i c a l p r o p e r t i e s of the m a t e r i a l which produced the 

change. I f t h i s change consists of p l a c i n g a specimen i n s i d e the 

c a v i t y , the d i e l e c t r i c constant of the specimen can be calculated from 

the change i n c a v i t y resonance frequency. Specimens of d i f f e r e n t 

d i e l e c t r i c constants produce d i f f e r e n t resonance frequencies, so t h a t 

small d i f f e r e n c e s between specimens are e a s i l y detected. As the same 

c a v i t y i s used i n each case, the e f f e c t s of c a v i t y imperfections cancel 

out and do not obscure d i f f e r e n c e s between specimens. Even i n cases 

where absolute values of the d i e l e c t r i c constant cannot be accurately 

determined, d i f f e r e n c e s between d i f f e r e n t m a t e r i a l s , and trends caused 

by v a r i a t i o n s i n composition can be detected. However, resonant 

c a v i t i e s have the disadvantage of operating e f f e c t i v e l y at a single 
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frequency, and although the technique and the specimens were the same i n 

each case, d i f f e r e n t c a v i t i e s were required f o r the 2,9 GHz and 9.3 GHz 

measurements, 

3.2 PERTURBATION THEORY OF RESONANT CAVITIES 

Bethe and Swinger [3.1 ] followed by Kahan [3.2 j , derived a 

p e r t u r b a t i o n theory which r e l a t e d the change i n resonance frequency and 

Q f a c t o r of a resonant c a v i t y to the pr o p e r t i e s of the disturbance 

causing the change, A c a v i t y resonator method was used t o measure 

d i e l e c t r i c constants of small samples by Spr o u l l and Linder [3.3 1 and 

a more accurate experimental technique was introduced i n 1949B^srnbaum & 

Franeau [3.4] who are widely regarded as the pioneers of the technique. 

The theory was also discussed by Sl a t e r [ 3.5 , 3.6 J, and applied more 

d i r e c t l y by Casimir [ 3.7. j t o the i n t r o d u c t i o n of a small specimen i n t o 

a c a v i t y , A d e r i v a t i o n by Waldron [3.8,3.9 ] emphasised the inherent 

assumptions and l i m i t a t i o n s of p e r t u r b a t i o n techniques. 

Maxwell's equations f o r a c a v i t y of a r b i t r a r y shape f i l l e d w i t h a 

m a t e r i a l o f d i e l e c t r i c constant ê ^ and pe r m e a b i l i t y , p^s, and resonant at 

an angular frequency oi^ can be w r i t t e n 

V X = = j <ô  H^ (3^^) 

V X H^ - ^ " l ^ 1 

I f the c a v i t y i s a i r f i l l e d , e. - e and p. = |j . 
•' 1 o 1 o 

I f the same c a v i t y i s now f i l l e d w i t h a m a t e r i a l characterised by and 

{j^!, the resonance frequency and the amplitudes and configurations of the 

f i e l d s w i l l change and the equations become 

V X E^ = 

V X H^ = j £2 ( 3 . 2 ) 

I f the c a v i t y w a l l s are assumed t o be p e r f e c t l y conducting, the change 
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i n resonance frequency obtained from the above equations i s 

'̂ 2- " l 
"2 

V 
c '^2-^ri.«2 - f 2-̂ 1̂ 1.̂ 2)1 dV 

1̂ l r l 2 - ̂ 1 Ir«2]/^ 
(3.3) 

I f the d i f f e r e n c e between the two conditions i s small enough to be 

regarded as a perturb a t i o n s a simpler expression can be obtained i n 

which a l l the v a r i a b l e s are e i t h e r measurable or known. The necessary 

c o n d i t i o n i s t h a t when taken over^whole c a v i t y , the d i s t o r t i o n i n the 

f i e l d c o n f i g u r a t i o n s must be small. When t h i s c o n d i t i o n i s met, ((D^-OJ^) 

w i l l be small i n comparison to to^. The f i e l d c onfigurations may change 

by small amounts over a large p a r t of the c a v i t y volume, or by 

r e l a t i v e l y l a r g e amounts over a small p a r t of the c a v i t y volume. The 

former would occur, f o r example, i f d i f f e r e n t gases were compared by 

f i l l i n g the c a v i t y w i t h each i n t u r n , the l a t t e r i f a small d i e l e c t r i c 

specimen were placed i n s i d e the c a v i t y , or i f the c a v i t y were s l i g h t l y 

deformed. F i e l d c o n f i g u r a t i o n s i n s i d e such a specimen and i n i t s 

immediate neighbourhood may d i f f e r appreciably from the unperturbed 

c o n f i g u r a t i o n . Specimens of high d i e l e c t r i c constant are acceptable i f 

t h e i r volumes are small. 

The above c o n d i t i o n i s equivalent t o the c o n d i t i o n t h a t the energy 

stored i n the specimen must be a small f r a c t i o n of the t o t a l energy 

stored i n the perturbed c a v i t y [Spencer, LeCraw and Ault,3.10 ]• 

I n the case of a c a v i t y containing a small specimen, i n the part of 

the c a v i t y volume outside the specimen volume = ~ '̂ 2' °̂ 

the numerator of equation (3,3) i s zero outside the specimen, and can be 

i n t e g r a t e d over the specimen volume, rather than over the whole c a v i t y . 
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c 

V 
[M2=M,) H^.H^ - (e^-e^) E^.E^] dV (3,4) 

where V^ i s the volume of the specimen. 

When the p e r t u r b a t i o n c o n d i t i o n holds, and the d i f f e r e n c e i n the 

perturbed and unperturbed f i e l d c o n f i g u r a t i o n s i s small when considered 

over the whole c a v i t y , the approximation can be made tha t : 

V 
(e^ E^.E2 - ^yE^) dV 

V 
(e^E^.E^ - H^.H^) dV (3.5) 

I n a resonant c a v i t y w i t h p e r f e c t l y conducting w a l l s , the energies 

stored i n the e l e c t r i c f i e l d and the magnetic f i e l d are equal, and from 

equation (3.1) are ; 

^V 
e E.E dV H H.H dV (3.6) 

V 

S u b s t i t u t i n g i n t o equation (3.3) : 

6(1) ^^2-^l> J s V h'h s (3.7) .__ 

|EJ2 dv 
1 V 1 

For an a i r f i l l e d c a v i t y , u, = |j , e, = e and = to , I f the 
1 o 1 o 1 o 
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specimen i s non-magnetic, or i f a magnetic specimen i s placed i n the 

c a v i t y at a p o s i t i o n of approximately zero magnetic f i e l d , then the term 

i n H w i l l be zero and 

6a) 
0) 

(^2-o> 

2 E o J 

(3,8) 

As the r e l a t i v e d i e l e c t r i c constant of the specimen (e) i s equal to 

^2/^0' 

(e-1) 
6a) 
a) 

V I r I2 
s 

2 U |EJ- dV 
c 

(3,9) 

A s i m i l a r expression f o r r e l a t i v e p e r m e a b i l i t y can be obtained by 

assuming t h a t the e l e c t r i c f i e l d over the specimen i s zero. Thus y 

and e f o r a magnetic specimen can be found separately by placing the 

specimen i n d i f f e r e n t p o s i t i o n s i n s i d e the c a v i t y . 

The e f f e c t of f i n i t e d i e l e c t r i c loss i n the specimen m a t e r i a l i s 

included i n equation ( 3 , 9 ) , I n t h i s case the d i e l e c t r i c constant i s 

regarded as complex, e = e' - j e " , and the e f f e c t on c a v i t y behaviour i s 

included i n equation (3,9) by t r e a t i n g the angular frequency o) as a 

complex q u a n t i t y [Waldron 3.8 ]„ 

The complex angular frequency of a resonant c a v i t y can be w r i t t e n 

as 

= ^ / 1 . 
2Qi 

(3.10) 
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I n the perturbed c a v i t y s 

1 + (3.11) 
2Q, 

I f the d i e l e c t r i c loss i s small, and a) » ( j / 2 Q ) , then the change i n 

complex frequency caused by the p e r t u r b a t i o n i s 

6n •= 6a) + j a ) l 
2Q, 

1 
2Q, 

(3,12) 

S u b s t i t u t i n g i n equation (3,9): 

[ ( e ' - j E " ) - l ] 

in - i / i "1 
w 2 I Qj^ Q2 

V 

| E j 2 dV 

(3.13) 

Equating r e a l and imaginary p a r t s % 

6a) 

(e'= l ) 
V 

| E j 2 dV 

(3,14) 

_ 1 -
Ql Q2 

V 

| E j 2 dV 

(3.15) 

I t can be seen t h a t the expression f o r the r e a l part of the d i e l e c t r i c 

constant (3,14) has the same form as equation ( 3 . 9 ) , and th a t the 

d i e l e c t r i c loss can be found from the change i n the c a v i t y Q f a c t o r . 

Ê ,̂ the f i e l d i n the c a v i t y , i s known f o r c a v i t i e s of standard 

fshanp The f l p l H -Jnsldp fhf> Rnftrlmpn. E.. depends on i t s d i e l e c t r i c 
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constant, i t s dimensions, and the f i e l d surrounding i t . When the 

e x t e r n a l f i e l d i s uniform over the specimen volume, i s given by 

E^ - F(e')E^ (3,16) 

where F(e') i s a f u n c t i o n of sample dimensions and d i e l e c t r i c constants. 

S u b s t i t u t i n g i n equation (3.14) and evaluating the i n t e g r a l s f o r a 

rectangular c a v i t y o s c i l l a t i n g i n the ^-^Q^ mode gives 

v_ ,x (3.17) 6u) = 1 ( e ' - l ) F(e') 
0) 2 V 

c 

The e v a l u a t i o n of ̂ 2 always possibles and exact solutions 

e x i s t f o r r e l a t i v e l y few cases. Solutions are a v a i l a b l e f o r e l l i p s o i d s 

and l i m i t i n g cases of e l l i p s o i d s [ S t r a t t o n 3.11 ] . 

The f i e l d i n s i d e a sample whose surface i s everywhere normal to the 

e x t e r n a l f i e l d i s 

E = 1 E, (3.18) -2 p - - 1 

I f the f i e l d i s everywhere t a n g e n t i a l t o the surface then 

Intermediate cases have values of Ê2 ̂ h i c h l i e between these two 

l i m i t s . Thus f o r any specimen, 

1_ F(e') <c 1 (3,20) 
e' 

The value ^ 2 = ^^Z^' approached by t h i n discs of large diameter 

placed normal t o the e x t e r n a l f i e l d . The approximation becomes exact 
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when the disc i s i n f i n i t e l y than and has an i n f i n i t e l y large diameter : 

the t h e o r e t i c a l " i n f i n i t e d i s c " . Thin needle-shaped rods or t h i n rods 

which terminate on the c a v i t y w a l l s and can be regarded as i n f i n i t e have 

the maximum value of i n t e r n a l f i e l d , ^ —i° ^ S a i " the approximation 

tends towards exactness as the rods become I n f i n i t e l y t h i n . The e r r o r 

i n the approximation f o r p r a c t i c a l rods and discs and therefore the 

thickness t h a t i s acceptable i n p r a c t i c e depends on the value of t h e i r 

d i e l e c t r i c constants. 

I t can be seen from equation (3,17) t h a t the s e n s i t i v i t y of 

resonance frequency t o d i e l e c t r i c constants, t h a t i s the magnitude of 6a) 

produced by a change i n e'. depends on F(e') and i s maximum when F(e') 

i s maximum. Therefore d i f f e r e n c e s i n d i e l e c t r i c constant w i l l be more 

e a s i l y detected i f samples are placed t a n g e n t i a l l y t o the e l e c t r i c 

f i e l d , 

3.3 SPECIMEN PREPARATION 

The specimens were cut from bulk samples w i t h a diamond wheel 

c u t t i n g machine. P o l i s h i n g was not necessary ; surface i r r e g u l a r i t i e s 

were small compared t o wavelength and t o volume, and e l e c t r i c a l contact 

to the surfaces was not r e q u i r e d . [An advantage of t h i s technique i s 

t h a t l i t t l e p r e p a r a t i o n of the specimens i s necessary], 

3.4 THE RESOHAMT CAVITIES 

A rectangular c a v i t y which o s c i l l a t e d i n the ^-J^Q-^ 

constructed f o r each frequency, Q-factors were made large enough to 

give sharp resonance curves from which the resonance frequency could be 

found w i t h good accuracy. The m a t e r i a l s under t e s t had low d i e l e c t r i c 

losses. I n s e r t i o n of a small sample i n t o the c a v i t i e s caused only a 

s l i g h t broadening of the resonance curve. 

Both c a v i t i e s were made of copper. Inner surfaces were polished to 

reduce the resistance of the c a v i t y w a l l s and Increase the Q-factor. At 
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these frequencies current f l o w i s i n the surface layers because of the 

'skin e f f e c t ' . P l a t i n g the inner surfaces t o increase c o n d u c t i v i t y 

f u r t h e r was not necessary. 

The c a v i t i e s were d r i v e n from a waveguide through an aperture 

p o s i t i o n e d t o e x c i t e only the '^•^Ol ^ i g - S . l shows the o r i e n t a t i o n 

o f the guide and the p o s i t i o n of the aperture r e l a t i v e t o the c a v i t i e s . 

The optimum diameters of the coupling apertures were found 

e x p e r i m e n t a l l y . Undercoupling produced by a small aperture l i m i t s the 

power absorbed i n the c a v i t y at resonance and r e s u l t s i n a shallow 

resonance curve, w h i l e an overcoupled c a v i t y tends t o be influenced by 

the impedance of the e x t e r n a l c i r c u i t . Since the measurement of 

d i e l e c t r i c constant depends on measuring a small p e r t u r b a t i o n of the 

c a v i t y , a l l other i n f l u e n c e s on the c a v i t y should be minimised, and 

s l i g h t undercoupling i s p r e f e r a b l e provided t h a t a good resonance curve 

i s also obtained. T h e o r e t i c a l treatments are a v a i l a b l e f o r c a l c u l a t i n g 

the optimum coupling a p e r t u r e , but i n p r a c t i c e the value depends on 

impe r f e c t i o n s i n the system and i s best optimised experimentally. 

A rectangular c a v i t y o s c i l l a t e s i n the ^^^Qi 

half-wavelength i n the guide (^g) i s equal t o the inner dimensions of 
2 

sides a and S, ( F i g 3,1). The guide wavelength f o r an H ^ wave i n 

a r e c t a n g u l a r guide of dimensions a and b i s given by 
2 y K2 ^ V 2 / \2 

where X i s the f r e e space wavelength 

and m and n are i n t e g e r s 

A closed l e n g t h of t h i s guide w i l l resonate i f i t s length (£) i s an 

i n t e g r a l number(p) of half-wavelength, I = pXg'2, S u b s t i t u t i n g f o r 



^ ̂  Q£ 
i I < 
a o d 

(Ly 

(Uy 

w 
Ixj 
0= 
m 

= j 

Q u 

< ay 
Q 



41 

i n equation (3.21), 

.2 r .2 

Hence f = C / ( m ] + I S. ] (3.23) 
2 I J V b y \ I 

where f ^ i s the resonance frequency of the c a v i t y 

c i s the v e l o c i t y of l i g h t . 

I n the Hj^Qj^ mode, m = p = 1 and n = 0. I f dimensions a and £ are made 

equal then the resonance frequency i s given by 

f c (3.24) o = 
a/2 

I f ( f ) i s i n GHz and (a) i s i n cms, then the c a v i t y dimensions f o r a o 
given resonance frequency are given by the simple equation 

21.213 (3»25) 
f 
o 

I t i s important t o note t h a t the resonance frequency i s independent of 

the dimension (£). 

When the c a v i t y i s a i r - f i l l e d , the resonance frequency of the 

c a v i t y w i t h the specimen i n place ( f ^ ) i s always higher than t h a t of the 
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c a v i t y w i t h o u t a specimen ( f ) . The specimen has a l a r g e r d i e l e c t r i c 

constant than the a i r which i t displaces, so the wavelength i s shorter 

i n the specimen than i n the displaced a i r . The c a v i t y i s returned to 

resonance by incr e a s i n g the wavelength of the i n c i d e n t microwave s i g n a l , 

t h a t i s , by decreasing i t s frequency to ( f ) . By choosing ( f ) t o l i e at 
o 

the higher end of the microwave generator ranges the maximum usable 

frequency range i s obtained. 

I t was noted above t h a t resonance frequency i s independent of 

c a v i t y height (b) i n the H^Q^ mode. Cavity volume therefore i s also 

independent of resonance frequencys and can be optimised to the 

requirements of the p e r t u r b a t i o n technique, provided t h a t an adequate 

Q-factor i s maintained. From equation (3,17), the frequency s h i f t 

( f ^ - f ) / f ^ or fif/f^ depends on c a v i t y volume, together w i t h d i e l e c t r i c 

constant and sample volume. The r a t i o "Sf/f^ should be small enough t o 

render the p e r t u r b a t i o n approach v a l i d , but large enough t o keep 

measurement e r r o r s acceptably small and the c a v i t y volume can be chosen 

accordingly. 

This f a c t was used t o permit the measurement of the same specimen 

i n both c a v i t i e s , r a t h e r than measuring a l a r g e r specimen i n the l a r g e r 

c a v i t y . The e r r o r i n measuring specimen volume i s th e r e f o r e the same at 

the two frequencies. More i m p o r t a n t l y , the e r r o r due t o approximations 

i n the f u n c t i o n F(e') i s the same at each frequency 5 t h i s e r r o r can be 

r e l a t i v e l y l a r g e and i s d i f f i c u l t t o estimate. I n order to obtain 

p r a c t i c a l values of 6f w i t h the same specimen i n the 

d i f f e r e n t c a v i t i e s , the volume of the 2.9 GHz c a v i t y was made smaller 

w i t h respect t o i t s resonance frequency than was the case f o r the 9,4 

GHz c a v i t y . The c a v i t i e s were designed to d i f f e r e n t proportions : the 

9.4 GHz c a v i t y was c u b i c a l , so tha t a = b = £, while the 2.9 GHz ca v i t y 

was rectangular w i t h b < a = £, 
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The dimensions of the c a v i t i e s and t h e i r resonant frequencies are 

given i n Table 3,1, 

An a l t e r n a t i v e method of using the same specimen size i n c a v i t i e s 

of d i f f e r e n t resonance frequencies i s t o resonate the high frequency 

c a v i t y i n a higher mode, so t h a t a r e l a t i v e l y large c a v i t y can be used. 

The specimen should be placed at a p o i n t of maximum e l e c t r i c f i e l d , 

which may or may not occur at the c a v i t y centre, depending on the mode. 

This technique can be u s e f u l i n increasing the Q-factors of high 

frequency c a v i t i e s by increasing the volume, and i n keeping 6 f / f w i t h i n 

the l i m i t s of p e r t u r b a t i o n theory, 

3.5 POSITIONING THE SPECIMENS 

The specimens were suspended at the centre of the c a v i t i e s from 

f i n e s i l i c a rods, as shown i n Fig 3.1. 

I n order t o place the specimen accurately at the c a v i t y centre, 

where the e l e c t r i c f i e l d i s maximum and approximately uniform over the 

specimen volume, the rod i n the 9.4 GHz c a v i t y was c o n t r o l l e d by a 

micrometer head. The rod entered the c a v i t y through a hole d r i l l e d i n 

the centre of the top face where, i n the ^^Q-^ mode, w a l l currents are 

not i n t e r r u p t e d and the e f f e c t on c a v i t y behaviour i s n e g l i g i b l e . The 

longer wavelength of the 2,9 GHz c a v i t y allowed the specimen to be 

po s i t i o n e d w i t h s u f f i c i e n t accuracy without a micrometer d r i v e , A 

s i l i c a rod was f i x e d d i r e c t l y t o the inner w a l l of the c a v i t y . 

The c a v i t i e s were constructed so t h a t one w a l l could be e a s i l y 

removed t o i n s e r t the specimen. I t was necessary to replace the w a l l as 

accurately as p o s s i b l e , t o avoid causing small changes which could 

produce a d d i t i o n a l p e r t u r b a t i o n s . Metal rods were used t o a l i g n the 

detachable w a l l of the l a r g e r c a v i t y . 



TABLE 3 o l s Cavity Parameters 

Parameter 2.9 Gz Cavity 9o4 GHz Cavity 

a cm 7o21 2.23 

b cm 3o40 2,23 

3, cm 7o21 2o23 

D cm 0.6 

Vol cm^ 176-746 11.0896 

f GHz 2o92 9.40 
o 
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3.6 MEASUREMENT OF RESONANCE FREQUENCY 

The resonance absorption curve of the t e s t c a v i t y was displayed on 

an o s c i l l o s c o p e by d r i v i n g the c a v i t y w i t h a pe r i o d i c frequency swept 

i n p u t signals and the resonance frequency was compared t o tha t of a 

c a l i b r a t e d c a v i t y ^javameter. Displayed resonance curves are accurate 

provided t h a t the frequency sveep i s slow i n comparison t o the response 

time of the resonant c a v i t y j Q/ŵ o This c o n d i t i o n i s e a s i l y s a t i s f i e d 

a t microwave frequencies. Dynamic methods do not require the extreme 

frequency s t a b i l i t y and f i n e tuning of the s t a t i c methods and are 

ge n e r a l l y f a s t e r . 

The microwave system used f o r the 9,4 GHz measurements i s described 

i n d e t a i l i n the f o l l o w i n g s e c t i o n . The 2,9 Gz system was s i m i l a r and i s 

described more b r i e f l y . 

3.7 THE 9,4 GHz SYSTEM 

The 9,4 GHz waveguide bench i s i l l u s t r a t e d i n Fig 3,2. A l l 

components were standard except the c a v i t y and i t s tuning u n i t , and the 

sawtooth waveform generator, 

3,7,1 The Waveguide C i r c u i t 

Microwave power was generated i n a k l y s t r o n selected f o r good 

frequency s t a b i l i t y , A frequency swept output was obtained applying a 

150V v a r i a b l e sawtooth waveform t o the k l y s t r o n r e f l e c t o r . The power 

supply was selected f o r good s t a b i l i t y and low noise, A f i n i t e i s o l a t o r 

I . l provided a matched load f o r the k l y s t r o n ^ and i s o l a t e d i t from 

r e f l e c t i o n s and changing impedances i n the f o l l o w i n g c i r c u i t . 

Attenuator R,l Increased the i s o l a t i o n and allowed adjustment of the 

t o t a l power fed t o the f o l l o w i n g c i r c u i t . The 10 dB d i r e c t i o n a l coupler 

DC.l fed 10% of the i n c i d e n t power to the wavemeter v i a attenuator R.2, 

and the remaining 90% towards the t e s t c a v i t y . The wavemeter consisted 



yy 
0= 

1 1 = 

a. 

n /n> IT
Y

 

> < 

0= 

5 

0 0S 
yy yy 

1 1 m 

(U- OS 
o (yy 

o OS 
y y O 

TO
 

I 

0= 

5 

U 

o 



45 

of a frequency c a l i b r a t e d resonant c a v i t y which could be tuned by 

v a r y i n g i t s length w i t h a p i s t o n d r i v e n by a micrometer head. I t was 

connected i n the absorption modes i n which power i s not transmitted 

through the c a v i t y ; instead the c a v i t y i s coupled to i t s t r a n s m i t t i n g 

waveguide s e c t i o n by apertures i n the guide w a l l . Off resonancej power 

i s t r a n s m i t t e d w i t h l i t t l e a t t e n u a t i o n . At resonances, power i s absorbed 

t o s u s t a i n o s c i l l a t i o n w i t h i n the c a v i t y , A high Q-factor gives a sharp 

resonance curve. The degree of coupling determines the 'depth' of the 

resonance curve^ t h a t i s the q u a n t i t y of power absorbed. Attenuator R.2 

matched the wavemeter inp u t and i s o l a t e d the r e s t of the c i r c u i t from 

resonance e f f e c t s . 

Attenuator R.3 matched the c r y s t a l detector D.l. R,2 and R.3 were 

adjusted t o produce a s a t i s f a c t o r y absorption curve i n the s e n s i t i v e 

range of D.l, The c r y s t a l detector D.l applied a d-c s i g n a l 

p r o p o r t i o n a l t o the amplitude of the microwave input t o one beam of a 

dual-beam oscilloscope:, whose timebase was synchronised t o the k l y s t r o n 

outputs, so t h a t a d i s p l a y of amplitude against frequency was produced. 

When the wavemeter i s tuned t o resonate at a frequency w i t h i n the 

k l y s t r o n output sweeps i t s absorption curve i s displayed. Most of the 

power from the d i r e c t i o n a l coupler D C l passes through an i s o l a t o r 1,2 

and an a t t e n u a t o r R,4s which again provided matching and i s o l a t i o n . A 

second 10 dB d i r e c t i o n a l coupler DC,2 was connected t o transmit power 

from R,4 through t o the c a v i t y c i r c u i t s which consisted of a length of 

waveguide, a t u n i n g u n i t and the t e s t c a v i t y I t s e l f , The tuning u n i t 

consisted of a short s e c t i o n of waveguide f i x e d to the c a v i t y , f i t t e d 

w i t h conducting screws which could be lowered i n t o the guide. 

Imperfections I n the c a v i t y and at the cavity/waveguide i n t e r f a c e cause 

unwanted disturbances I n the f i e l d s w i t h i n the guide. I f the tuning 

screws are adjusted t o cause equal and opposite disturbances, matching 

i s achieved. 



46 

Power i n c i d e n t on the c a v i t y i s r e f l e c t e d back through the c i r c u i t 

a t a l l frequencies except the c a v i t y resonance frequency» when power 

i s absorbed t o s u s t a i n the o s c i l l a t i o n s . D i r e c t i o n a l coupler 

DC.2 tra n s m i t s 90% of the r e f l e c t e d power to R.4 and 1.2s where i t i s 

absorbeds and 10% t o attenuator R.S and the c r y s t a l detector D.2, The 

r e c t i f i e d s i g n a l from D2 i s applied t o the second beam of the 

osc i l l o s c o p e which t h e r e f o r e displayed the resonance curve of the t e s t 

c a v i t y . 

The l e n g t h of waveguide was necessary t o i s o l a t e the c a v i t y from 

mismatch i n the d i r e c t i o n a l coupler DC.2. The two c r y s t a l detectors 

were selected f o r s i m i l a r responses over the frequency and power ranges 

used. 

3.7.2 I n i t i a l Adjustments 

The k l y s t r o n voltages were set t o give maximum output over the 

widest frequency ranger, which occurs when the power envelope displayed 

on the o s c i l l o s c o p e c o n s i s t s o f a s i n g l e smooth curve of maximum 

amplitude over the d u r a t i o n of the sawtooth waveform. The output 

frequency sweep was centred on the c a v i t y resonance frequency by 

a d j u s t i n g the mechanical t u n i n g c o n t r o l . During adjustment the power 

envelope should be monitored from detector D.ls and the p o s i t i o n of the 

c a v i t y resonance from 0.2. The envelope displayed from the D,2 output 

i s not r e l i a b l e at t h i s stage, 

When the k l y s t r o n output i s optimum the c a v i t y tuning u n i t can be 

adjusted. I t was found experimentally t h a t the best matching was 

obtained by a d j u s t i n g the tuning screws u n t i l the envelope of the 

r e f l e c t e d power» from D.2.S was most s i m i l a r I n shape to the envelope of 

incidenl^G' power from D.l. The actions of the tuning screws are 

interdependent. By s t a r t i n g w i t h a l l screws f u l l y withdrawn, and 
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monitoring the e f f e c t of lowering each while the other two are not i n 

uses the i n d i v i d u a l e f f e c t s can be assessed and the f i n a l p o s i t i o n s of 

a l l three screws determined without d i f f i c u l t y . The tuning should hold 

over the frequency range and power range expected to occur over a set of 

specimen measurementss and should not change when the c a v i t y i s opened 

and closed f o r specimen i n s e r t i o n . I f t h i s does occur, mechanical 

couplings and alignments should be improved. Obviously, tuning cannot 

be adjusted during a measurement. The c a v i t y should be tuned w i t h the 

s i l i c a suspension rod i n place. 

Attenuators R,2s R,3s and R.5 were set t o equalise the powers 

i n c i d e n t on detectors D.l and D.2. I n order t o do t h i s , the c a v i t y and 

tu n i n g u n i t were replaced by a short c i r c u i t at the c a v i t y input 

p o s i t i o n , c o n s i s t i n g of a closed length of waveguide. The baselines of 

the o s c i l l o s c o p e traces were set t o coincide. The attenuators were 

adjusted u n t i l the power envelopes also coincided. Attenuator R.l was 

used t o check t h a t the coincidence held over a range of input powers, 

and then set at a l e v e l which gave good detector s e n s i t i v i t y . The 

c a v i t y was replaced, and retuned i f necessary. 

3o7,3 Measurement of e' and e" at 9.4 GHz 

With the s i l i c a rod i n p o s i t i o n , the k l y s t r o n was tuned to place 

the c a v i t y resonance curve i n the centre of the frequency sweep. The 

wavemeter was tuned u n t i l i t s resonance frequency coincided w i t h the 

t e s t c a v i t y resonance frequency, t h a t i s u n t i l both resonance curves 

were centred on the same frequency. The reading of the wavemeter 

micrometer was noted, and the frequency found from the c a l i b r a t i o n 

c h a r t . This was frequency (f^)« The specimen was placed inside the 

c a v i t y , and the new resonance frequency, ( f ) , was found i n the same way. 

The d i e l e c t r i c constant was then calculated from equation (3.17). The 
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reading of the micrometer which supported the s i l i c a rod was noted when 

measuring ( f ^ ) and reset t o the same p o s i t i o n when measuring ( f ) 5 any 

change i n the len g t h of the s i l i c a rod w i t h i n the c a v i t y would produce 

an a d d i t i o n a l spurious p e r t u r b a t i o n . 

3.8 THE 2.9 GHz SYSTEM 

The t e s t c a v i t y was compared w i t h a c a l i b r a t e d wavemeter as before, 

but here a simpler system was used and both resonance curves were 

superimposed on the same oscilloscope t r a c e . The c i r c u i t i s shown i n 

Fi g ? 3 

3.8.1 The Waveguide C i r c u i t 

A Flann S-Band Generator Type PCLS provided a swept frequency 

s i g n a l from an i n t e r n a l k l y s t r o n . A 16 dB attenuator R.l provided 

i s o l a t i o n and matchings and a v a r i a b l e attenuator R.2 c o n t r o l l e d the 

power l e v e l . The 20 dB d i r e c t i o n a l coupler D C l transmitted the power 

from R,l t o the waveguide c i r c u i t and s p l i t the r e f l e c t e d power from the 

c a v i t y d i r e c t i n g 99% t o R.2 and R.l where i t was attenuated t o a l e v e l 

which d i d not i n f l u e n c e the s i g n a l generators and 1% t o attenuator R,3. 

The wavemeter was a c a l i b r a t e d tuned c a v i t y used i n the absorption modes 

as i n the 9.4 GHz c i r c u i t . The s i g n a l was r e c t i f i e d by a c r y s t a l 

d e t e c t o r D.l and displayed as amplitude against frequency on the 

os c i l l o s c o p e . 

3.8.2 I n i t i a l Adjustments 

The wavemeter was tuned t o a frequency f a r from the t e s t c a v i t y 

resonance, so t h a t i t s absorption curve was not displayed on the 

os c i l l o s c o p e . The s i g n a l generator was set f o r optimum output at the 

t e s t c a v i t y resonance frequency. The c a v i t y had been f i t t e d w i t h i t s 

s i l i c a suspension rod. I t s resonance curve was now displayed on the 

osc i l l o s c o p e . Attenuators R.2 and R.3 were vari e d to check detector 

s e n s i t i v i t y , and set t o give a good d i s p l a y . The wavemeter was tuned 
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u n t i l I t s resonance curve was also seen, and R.2 and R.3 were readjusted 

i f necessary, 

3,8,3 Measurement of e' and e" 

The resonance generator was tuned t o di s p l a y the resonance curve of the 

t e s t c a v i t y c o n t a i n i n g the s i l i c a rod but without a specimen i n place. 

The wavemeter was tuned u n t i l i t s resonance curve was superimposed on 

the c a v i t y resonance curve, and f ^ was found from the c a l i b r a t e d 

micrometer. Greater accuracy was obtained by also measuring frequencies 

equal distances above and below the c a v i t y resonance frequency, and 

averaging. The r e s u l t should agree w i t h the i n i t i a l measurement. The 

resonance frequency ( f ) w i t h the specimen i n the c a v i t y was found i n the 

same way, and e' c a l c u l a t e d from equation (3.17). 

3,9 CONCLUSIONS 

The two waveguide systems described were b u i l t and used 

s u c c e s s f u l l y t o measure the d i e l e c t r i c constants of the o x y n l t r i d e 

glasses. The 9,4 GHz system was also used t o measure both d i e l e c t r i c 

constants and d i e l e c t r i c losses of pure MgO and MgO system a t i c a l l y doped 

w i t h i r o n or chromium [Thorp, Kulesza, Rad and Kenmuir, 3-12], [Rad, 

3.13], 
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CHAPTER 4. 

THE DIELECTRIC BEHAVIOUR OF OXY-NITRIDE GLASSES IN THE 

A,F, AND R.F.RANGES 

4,1 INTRODUCTION 

The d i e l e c t r i c p r o p e r t i e s of glasses of the Mg, Ca, Y and Nd 

o x y n i t r i d e systems were i n i t i a l l y measured at room temperature over the 

frequency range 500 Hz t o 10 KHz using the bridge techniques described 

i n Chapter 2„ 

La t e r , i n c o l l a b o r a t i o n w i t h A.B.Ahmad, the work was extended 

using c o - a x i a l l i n e techniques t o cover the frequency range from 500 MHz 

to 5 GHz. 

The s p e c i f i c o b j e c t i v e s of the study were f i r s t l y to e s t a b l i s h the 

order of magnitude o f the p e r m i t t i v i t y and, i n p a r t i c u l a r , the 

d i e l e c t r i c loss so as t o enable these glass systems t o be placed on a 

comparative scale w i t h the more widely studied oxide glasses. I n the 

second place the e f f e c t of changing the c a t i o n , (e,g. from Mg t o Ca or Y 

e t c ) , was t o be i n v e s t i g a t e d . T h i r d l y , and perhaps most imp o r t a n t l y , 

the e f f e c t of n i t r o g e n s u b s t i t u t i o n f o r oxygen i n a glass system w i t h a 

given c a t i o n was t o be examined and here, although the range of nitrogen 

s u b s t i t u t i o n i s c u r t a i l e d by chemical and s t r u c t u r a l f a c t o r s t o less 

than about 14%, i t was hoped t o e s t a b l i s h the trend of the v a r i a t i o n s of 

both e' and e" w i t h n i t r o g e n concentration. I n a d d i t i o n t o the 

for e g o i n g , a l l of which r e l a t e to the chemical compositions of the glass 
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systems, an attempt was made to e l u c i d a t e the c o n d u c t i v i t y mechanism i n 

the glasses by observing the v a r i a t i o n of the d i e l e c t r i c properties w i t h 

frequency over as wide a frequency range as the techniques allowed, 

4,2 RESULTS IN THE A,F, RANGE 

4.2.1 Glass Compositions 

The compositions of the glasses examined, a l l of which were 

prepared a t Che Crystallography Laboratory, U n i v e r s i t y of 

Newcastle-upon-Tynes [Jack et als 4,1, Drew 4.2, Drew et a l 4.3], are 

given i n Table 4,1, I t can be seen from t h i s that the compositions 

were v a r i e d s y s t e m a t i c a l l y . Each of the four c a t i o n systems [Mg, Ca, Y 

and Nd] Included an oxide glass without n i t r o g e n . The o x y n l t r i d e s of 

the system were formed by s u b s t i t u t i n g chemical equivalents of n i t r o g e n 

f o r p r o p o r t i o n s of the oxygen of the oxide glass. The percentage of 

oxygen replaced i n t h i s way i s given i n Table 4.1 f o r each o x y n l t r l d e 

composition. Proportions of other elements were held constant, although 

the decrease i n the t o t a l number of atoms caused by the s u b s t i t u t i o n of 

two n i t r o g e n atoms f o r three oxygen atoms n a t u r a l l y increased the 

numerical values of t h e i r concentrations when expressed i n atomic 

percent. The same system was followed between the d i f f e r e n t c a t i o n 

s e r i e s , which t h e r e f o r e contained equal chemical equivalents of e i t h e r 

Mg, Ca, Y or Wd, The r a t i o o f ( t o t a l p o s i t i v e v a l e n c e s ) / ( t o t a l negative 

valences) d i d not vary w i t h e i t h e r n i t r o g e n concentration or c a t i o n 

types and was equal t o one f o r a l l the m a t e r i a l s i n v e s t i g a t e d , 

4.2.2 Experimental Data at A,F, 

The v a r i a t i o n s of l o g (e'-e„) w i t h l o g ( f ) f o r the d i f f e r e n t 

compositions are given i n Fig.4.1. The values of were calculated 

from the o p t i c a l r e f r a c t i v e index measurements of Drew [Jack et a l 4 . 1 j » 
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and are included i n Table 4,1. I t may be noteds however, t h a t s since 

other d i e l e c t r i c dispersions are l i k e l y to occur between t h i s frequency 

range and the o p t i c a l ranges the value of relevant to these 

frequencies may be r a t h e r higher than t h a t corresponding to the o p t i c a l 

r e f r a c t i v e index. Each composition showed a l i n e a r v a r i a t i o n . The 

slopes of the p l o t s were independent of composition and had the value 

0,99 ± 0,02 f o r a l l specimens. At any given frequency the value of e' 

depended markedly on composition, increasing as nitr o g e n concentration 

increased and v a r y i n g w i t h c a t i o n type. I t i s us e f u l to r e f e r to the 

loss behaviour i n two a l t e r n a t i v e ways. I n the f i r s t place, i n order t o 

f a c i l i t a t e comparison w i t h p r e v i o u s l y published data on o x y - n i t r i d e 

glasses [Loehman 4,4, Leedecke and Loehman 4,5, Thorp and Kenmulr, 4.6] 

i t i s convenient t o use c o n d u c t i v i t i e s , ( a ) . 

The p l o t s of log (o) against l o g ( f ) shown i n Fig 4.2 are also 

l i n e a r w i t h the same slope f o r a l l compositions, i n t h i s case 1.0 ± 0.1. 

Again, the value of a at any frequency i n the range depended on both 

n i t r o g e n concentration and c a t i o n type, although the v a r i a t i o n of a w i t h 

composition was d i f f e r e n t from t h a t of e'. The observed power law 

dependence of e' and a on frequency i s i n good agreement w i t h the 

Univ e r s a l law of d i e l e c t r i c response i n s o l i d s [Jonscher 4,7, 4,8, 4.9] 

i n t h a t 

/ 0 \ n-1 (e' - ej ^ (0 

and 

For each composition the values of n found from Figs 4.1 and 4.2 agree 

w i t h i n experimental e r r o r . The f a c t t h a t the same value of n was found 



1—1 

' (0 
B u 

N 00 00 VO VO O m 
1—1 ta , , . o , o o 
1 CM CM CM m m VO VO iH t-t < • 

CO o 1-1 CM rH iH I - l iH iH I - l i H 
@ o 
X. vO 
o tH 

CM 
i-H 

0 
o 1—1 

o 

VO CM OV CO O VO m o -a- Ov 
VO I T ) 00 00 o ON CM 

( 5 0 O o o , 0 0 o 0 o o o o 
u CM CM CN| < N CM CM CM CM CO CN! CO CO 

00 CO m 00 CO i H m 
@) 0 1 0 o o o o 0 0 

6) 0 00 •sr CO Ov i H <!• 1 1 00 VD 
CiO U o i H i H p-t 
^ > cd 
w o ex 

c M 

I - l VO Ov 00 VO Ov CO CO 
o g O o o , , o 0 

1 •a- < • m 1 1 00 

o 1-1 o o CM o VO CM VD iH 
0 o o o 0 O O O o o o o m o m < • CO i H CO <• CO CO CO 

VO I T ) in VO m m m VD m VO in m 

c O NO o i n m VO CO i H 00 o 1-4 

» i H o 0 o o o o o o , 0 . o 
u •< VO VD VO VO VO VO VO VO VD r-. 
l>l 

t i l o C\! o { M CO -s- 00 m 00 CM VO 
u o o 0 o o , 0 o o o . o o 

1^ <X) 00 00 
e CO i - l I - l I - l i H i H f - l i H I - l 

O 
CD 

B 
< H 

00 iH 
0 O o 

G g 0 1 1 0 g g ! 1 I i H CM CM 

o 1 
i H I - l 

,4J 
• H CO CO 
00 o o 

i • O 1 0 1 1 1 1 1 tH CM i • I 0 
Ci. g i H i H 

o 
o o CM CM o , o o , o 

u 1 Q 1 Q B 0 1 1 
r H vH i - l 

O CM s i -
0 o , 1 II 1 1 1 1 1 1 1 1 

<H r-i 

01 
I - ) 

CO O. i H CM in vO 00 OS O iH CM CO 

B i H iH i H 
B V—^ v ^ V — ' — • 
IZ) 

G 

K 
& 

CO 
& 
00 
00 
<a 
H 
6S & •o 

• X u 
•w 
•H 
C 

I 
=H 
W 

I 
iH 
<< 

I 

g 
CA 

l i . < 
I 

CO 
I 

CO 
I 

I - l 

4= 

vn o 
00 c o 

•H 
4J 
00 
o 
s 
u 

w 
1-1 

H 



' M l I I I T 

o 

• c 
• 

5̂  
s2 cr» 

«n © pi «n (A tn 

la
s in 

JS 
(A t» SS

 

o» OS o» f® 
<« <e •o 
u u z > 
CO m cv o 
—* 

N 
X 
> o z lU 
3 

. s ' I t u. 

o 
o 
c o o 
•a c 
es >, u c u 
3 
cr 
c o 

u 
3 •o c o u 
o u c 
c 
a u Q 

rv 

(^_uj3j„ujqo) AllAIiDnGN03 



53 

f o r a l l the specimens suggests that» at room temperature i n this 

frequency range, d i e l e c t r i c polarisation and a-c conductivity i n a l l the 

compositions examined result from the same hopping mechanism, and that 

t h i s mechanism i s not changed by the substitution of nitrogen. On the . 

other hand a more direct appreciation of the nature of the dependence of 

loss on frequency i s obtained by p l o t t i n g log e " and log f„ This plot 

i s given i n Fig 4=3 and shows that over the frequency range covered, the 

loss f o r each particular composition i s almost independent of frequency. 

The nature of the dependence of d i e l e c t r i c behaviour on nitrogen 

becomes more apparent when d i e l e c t r i c constant and d i e l e c t r i c loss (tan 

6) are plotted against nitrogen concentration at a single frequency for 

a l l the compositions examined. Fig 4,4 shows the variation of 

d i e l e c t r i c constant with nitrogen concentration at a frequency of 1600 

Hz (o) s 10 KHz). Fig 4.5 shows the variation of d i e l e c t r i c loss (tan6) 

with nitrogen concentration at 1600 Hz. Values of conductivity at t h i s 

frequency are given i n Table 4.1. In order to provide a more 

consistent comparison of the nitrogen dependence of dif f e r e n t cation 

systems, nitrogen concentration has been expressed as the percentage of 

the oxygen of the appropriate oxide glass for which nitrogen has been 

substituted, 

4,2o3 Discussion of A.F, Data 

Values of d i e l e c t r i c constant ranged from 6,8 for the Mg oxide 

glass to 11,6 f o r a Nd oxynitride containing 8,8 atomic percent 

nitrogen. The d i e l e c t r i c constant increased with increasing nitrogen 

concentration f o r each glass system, and substitution of the same 

proportion of nitrogen produced increases (Ae') of similar magnitude. A 

comparison of he' for 14.8% substitution i s given i n Table 4,2. At each 
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Glass System Ae' Percentage increase 
rel a t i v e to oxide 

Mg-Al-Si + 1.5 21 

Y-Al-Si + 1,3 17 

Ca-Al-Si + 1,5 15 

Nd-Al-Si + 1,3 12 

Table 4.2 : The increases i n d i e l e c t r i c constants caused 
by substitution of 14.8% of oxygen by nitrogen. 
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concentration of nitrogen, and for the oxide glasses, the d i e l e c t r i c 

constant incresed with cation type i n the order Mg, Y, Ca, Nd, 

As regards the d i e l e c t r i c loss behaviour several features emerge. 

One of the most s i g n i f i c a n t i s that for th i s whole group of glasses 

the exponent n has a value very near to unity and that t h i s corresponds, 

as shown by Fig 4.3 to frequency independent loss. This i s the l i m i t i n g 

form of d i e l e c t r i c behavious, referred to as " l a t t i c e loss" by Jonscher 

[4,10] i n which most dipolar processes have been eliminated. The other 

features refer mainly to changes i n composition. Unlike the behaviour 

of the d i e l e c t r i c constant, the dependence of the d i e l e c t r i c loss on 

nitrogen concentration varied from system to system ; an increase i n 

nitrogen concentration produced a r e l a t i v e l y large increase i n tan 6 i n 

the magnesium glasses, a smaller increase i n the calcitim glasses, and a 

decrease i n the yttrium glasses. Substitution of 14,8% of oxygen by 

nitrogen increased tan 6 by 55% f o r magnesium, by 13% for calcium and 

decreased tan6 by 20% for yttrium glass, A Nd oxynitride glass with 

8,1% substitution had a value of tanS similar to that of the yttrium 

glasses. Comparing the oxide glasses, the Ca and Y glasses had 

approximately equal values of tan5 ,0016, while the Mg glass was 

higher at ,002, 

The magnesium, calcium and yttrium oxide glasses, at 1600 Hz, had 

similar values of conductivity [Table 4.1], Nitrogen substitution 

increased the conductivities of the magnesium and calcium glasses, 

magnesium more than calcium, and s l i g h t l y decreased the conductivity of 

the y t t r i u m glass, A neodymium oxynitride had a conductivity higher 

than the yttrium glasses but lower than the corresponding calcium and 

magnesium glasses. 
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The d i e l e c t r i c behaviour of some yttrium-aluminium-silicon-
oxynitride glasses was reported by Loehman [ 4 . 4 ] and Leedecke and 
Loehman [ 4 o 5 ] < , Two samples similar i n composition to sample ( 1 0 ) of 
Table A d had room temperature d i e l e c t r i c constants of 1 0 s i n good 
agreement with the value of 9 . 6 reported here. Substitution of 1 . 5 
atomic % of nitrogen f o r 1 . 5 atomic % of the oxygen of a yttrium-
aluiaiinium-8ilicon=oxide glass of composition different to the 
yttrium-aluminium-silicon-oxide glass investigated heres sample ( 9 ) s 
increased the room temperature d i e l e c t r i c constant. Room temperature 
a-c conductivity and d i e l e c t r i c loss decreased with nitrogen by an 
extent greater than reported here for samples ( 9 ) and ( 1 0 ) . However, 
the v a r i a t i o n of conductivity with nitrogen concentration has been shown 
here to depend on the composition of the glass system 5 for example 
substitution of one alkaline earth for the same concentration of another 
produced a s i g n i f i c a n t change i n behaviour. I t may be the case that the 
conductivity v a r i a t i o n i s also dependent on specific compositions within 
a glass systems changing with changing concentrations of i t s elements, 
and i t may be sensitive to di f f e r e n t ratios of ( t o t a l positive 
valences)/(total negative valences). 

I t i s clear from t h i s work that the substitution of nitrogen into 

oxide glasses does influence d i e l e c t r i c behaviours but i n a manner which 

depends on the other constituents of the oxide glass, so that systematic 

variations of composition are necessary i f the effects of the nitrogen 

are to be distinguished. Oxynitride glass systems can be prepared i n 

which increasing d i e l e c t r i c constant i s coupled with either increasing, 

decreasing or approximately constant d i e l e c t r i c loss. This may be of 

value i n optimising d i e l e c t r i c characteristics for specific 
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applications, p a r t i c u l a r l y as incorporating nitrogen tends to enhance 

other physical properties % the mobility of a l k a l i ions i n the material 

i s reduced, increasing d=c r e s i s t i v i t y and reducing d e v i t r i f i c a t i o n near 

electrodes due to ele c t r o l y s i s [Elmer and Nordberg, 4 . 1 1 ] , and 

osynitride glasses are harder and more refractory [Elmer and Nordberg 

4 o l l „ Harding and Ryder 4 o l 2 , S h i l l i t o et a l 4 . 1 3 ] , I t Is interesting 

to note that i n the system containing neodymium (one of the Period 6 

elements of the periodic table included i n glass i n order to increase 

the d i e l e c t r i c constant) the osynitrides have higher d i e l e c t r i c 

constants than the oxide glass. 

Systematic studies of the d i e l e c t r i c behaviour of other oxynitride 

glasses would be of int e r e s t . Systems i n which nitrogen substitution 

has already been achieved include high s i l i c a glasses [Elmer and 

Nordberg 4 , 1 1 ] , soda-lime-silica, sodium borate and boric acid 

[Mullfinger and Meyer 4 , 1 6 , Mullfinger 4 . 1 7 ] , 

4 , 3 RESULTS IN THE R,F.RANGE 

4 , 3 , 1 Measurement Methods 

Measurements on the same group of glasses were extended to the 500 

MHz to 5 GHz range i n order to establish whether the trends of behaviour 

found at the lower frequencies were maintained i n the higher frequency 

regions. These measurements were f a c i l i t a t e d by the developments of 

precision coaxial l i n e techniques which were themselves i n i t i a t e d by the 

need encountered i n e a r l i e r work on doped magnesium oxide for greater 

precision i n the d i e l e c t r i c constant measurements with low loss 

materials. 

The measurements were made using coaxial l i n e methods i n which a 

disc-shaped sample i s f i t t e d i n a coaxial holder terminated by either a 

s h o r t - c i r c u i t , a matched termination or a resonance c i r c u i t ; the 
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d e t a i l s of these techniques have been described recently by Kulesza et 

al [2.13], For these measurements circular samples of about 6,5 mm 

diameter and 0,5 mm thick were cut from the bulk oxynitride glasses 

using conventional diamond cutting methods and polished with diamond 

paste to 0,25 ĵm finishes. The coaxial l i n e with short-circuit 

termination proved most suitable for the determination of e' i n the 

frequency range 500 MHz to 5 GHz while the coaxial l i n e resonance method 

was found to be preferable for e" determination. The matched 

termination method gave r e l i a b l e answers only below about 1 GHz and was 

more suitable for the lower d i e l e c t r i c constant compositions. Above 5 

GHz the voltage standing wave r a t i o (VSWR) measured by the coaxial l i n e 

resonance method becomes very high, thus effectively setting an upper 

frequency l i m i t of about 5 GHz for the loss measurements on these 

glasses. A l l the data were obtained at room temperature, 

4,3.2 Glass Compositions 

The compositions of the glasses examined, a l l of which were 

prepared by the Crystallography Laboratory, University of Newcastle upon 

Tyne, are given i n Table 4.3, The compositions were varied 

systematically and each of the three cation systems (magnesium, calcium 

and yttrium) included an oxide glass without nitrogen. The oxynitrides 

of the system were formed by substituting chemical equivalents of 

nitrogen f o r proportions of the oxygen of the oxide glass. The 

percentage of oxygen replaced i n t h i s way (R) i s given i n Table 4.3 for 

each of the oxynitride compositions. The proportions of other elements 

were held constant, and the same system was followed between the 

d i f f e r e n t cation series, which therefore contained equal chemical 

equivalents of either magnesium, calcium or yttrium. The ra t i o of ( t o t a l 



Sample 

Composition (at %) % oxygen 

Sample 

Mg Ca Y Si Al 0 N 

replaced by 

nitrogen (R) 

1 17,0 - 17.0 6.0 60,0 0 0 2.46 

2 17,0 - 17,2 6.4 55,1 4,1 8,1 2,62 

3 17„4 - 17,4 6.6 51.0 7,6 14,8 2,71 

4 - 17,0 - 17,0 6.0 60,0 0 0 2,59 

5 - 17,2 - 17,2 6,4 55,1 4,1 8,1 2.73 

6 - 17,2 - 17.2 6.5 54,2 4,9 9.8 2.77 

7 - 17,3 - 17,3 6,5 53,1 5,8 11.5 2.80 

8 - 17.4 - 17,4 6.6 51.0 7.6 14.8 2.84 

9 - - 11.8 17,8 6,8 63.6 0 0 2.76 

10 - - 12.3 18,5 7.1 54.2 7.9 14.8 3.05 

TABLE 4.3 ; Compositions of the Mg-Al-Si, Ca-Al-Si and Y-Al-Si 

oxynitride glasses examined at R,F„ 
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positive valence)/(total negative valences) did not vary with either 

nitrogen concentration or cation type, and was equal to one for a l l the 

materials investigated. Table 4,3 also includes the l i m i t i n g 

high-frequency d i e l e c t r i c constant, e^,deduced from optical refractive 

index measurements [Drew 4,2]. 

4,3,3 Experimental Data at R,F. 

The variations of log (e'=e^) with log ( f ) for the different 

compositions are given i n Fig 4,6, The values of were calculated 

from the optical r e f r a c t i v e index data given by Drew and are included 

for reference purposes i n Table 4,3, Each composition showed a linear 

v a r i a t i o n . The slopes of the plots were independent of composition and 

have the value 1,0 + 0,1 for a l l specimens. ( I t may be noted here that, 

since there are l i k e l y to be some other loss processes between the 

microwave and optical regions, the optical refractive index may not be 

the relevant value f o r the purpose of the present investigation.) At 

any given frequency the value of e' depended markedly on composition, 

increasing as nitrogen concentration increased and varying with cation 

type. The corresponding loss (e") behaviour i s shown i n Fig 4.7 and 

th i s shows that over the extended frequency range from 0,5 to 9 GHz the 

loss f o r each par t i c u l a r composition i s almost independent of frequency. 

The observed power law dependences of both c' and e"on frequency are 

consistent with the universal d i e l e c t r i c response law i n solids 

[Jonscher 4,8„ 4,9, 4.10] i n that (e'- e^)« m^"'^ and e" « u""-^. For each 

composition the values of n found from Figs 4,6 and 4,7 agree within 

experimental error and the observation of the same value of n for a l l 

the specimens suggests that, at room temperature i n this extended 

frequency range, the d i e l e c t r i c polarization and loss i n a l l the 
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compositions examined results from the same mechanism, and that this 

mechanism has not been changed by the substitution of nitrogen for 

oxygen. 

The nature of the changes i n d i e l e c t r i c behaviour caused by the 

substitution of nitrogen for oxygen becomes more apparent when the 

d i e l e c t r i c constant (e') and tan 6 values are plotted against the 

nitrogen concentration at a single frequency for a l l the compositions 

examined. In order to provide a more consistent comparison of the 

nitrogen dependence of d i f f e r e n t cation systems, the nitrogen 

concentration has been expressed as a percentage of the oxygen of the 

appropriate oxide glass for which nitrogen has been substituted (R%), 

Fig 4,8 shows the var i a t i o n of d i e l e c t r i c constant (e') with nitrogen 
9 

concentration at a frequency of 1 GHz (o) = 6,3 x 10 ) . Fig 4.9 shows 

the corresponding v a r i a t i o n of tan 6 with nitrogen concentration at 1 

GHz and the results obtained f o r e', e" and tan 6 are summarised i n 

Table 4.4. 

4,3.4 Discussion of R.F.Data 

Since the present measurements, made over the frequency range 500 

MHz to 5 GHz, and the previous observations over the lower frequency 

region from 500 Hz to 20 kHz, were a l l taken with the same series of 

oxynitride glass samples, a unique opportunity exists for assessing the 

d i e l e c t r i c behaviour over t h i s very extensive frequency range. A number 

of important features are revealed. 

For each individual glass composition the frequency dependencies of 

both the d i e l e c t r i c constant e' and loss e" are consistent with the 

universal law of d i e l e c t r i c response. Taking the results for a l l the 

individual compositions c o l l e c t i v e l y reveals that t h i s whole group of 
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r i g i d ceramics gives d i e l e c t r i c behaviour corresponding to the limiting 

form of " l a t t i c e l o s s " [Jonscher 4.10] i n which most dipolar processes 

have been eliminated and frequency independent loss i s expected. This 

i s not common though i t i s interesting to note that similar properties 

have been reported both for doped magnesium oxide [Thorp, Kulesza, Rad 

and Kenmuirj 4.14], a r i g i d refractory oxide ceramic and for several 

sia l o n materials [Thorp and Sharif, 4.15 ]» high frequency refractory 

ceramics containing oxygen and nitrogen, 

A second point of interest i s to note the range of values of e' 

which can be obtained by compositional changes i n the glass system. At 

the lowest extreme one finds E'S 5.6 at 1 GHz for magnesium oxide glass 

and at the highest e'- 11.6 at 1 kHz for a neodymium oxynltride glass 

containing 8.8 at % nitrogen. This wide range suggests potential for 

the choice of spec i a l glasses where d i e l e c t r i c matching i s important, 

e.g. i n substrate materials for devices. I n the oxide glasses e' i s 

dependent on the cation type and increase i n the order magnesium, 

yttrium, calcium, neodymium while i n a l l the systems the addition of 

nitrogen increased e'. I t shouild be noted, however, that there are 

lim i t s to the l a t t e r method for increasing e' since, depending on the 

part i c u l a r system, the maximum nitrogen s o l u b i l i t y l i e s in the range 10 

to 15 at %, the highest nitrogen-containing glasses so far produced 

being i n the Y-Si-Al-O-W system. I t would be of interest to compare 

simpler oxide and n i t r i d e systems (e.g. AI2O2 and AIN5 SIO2 and Si^N^) 

to find whether there are generalized behaviour rules for nitrogen 

substitution or whether the effects described above are spec i f i c to the 

oxynltrlde glasses examined here, A similar increase i n e' when 1.5 at 

% nitrogen was substituted for the same amount of oxygen in an yttrium 
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oxynitrlde glass has been reported by Loehman [ 4.4 ] and by Leedecke and 

Loehman [4.5 ] . 

A third feature revealed by a comparison of the measurements in the 

different frequency ranges relate s to the cation order found to give 

increasing values of the d i e l e c t r i c constant e'. This feature may most 

e a s i l y be demonstrated by reference to the oxide glasses. At low 

frequencies i t can be stated quite d e f i n i t e l y that e' increases with 

change i n the cation i n the order Mg<Y<Ca<Nd| here the differences in e' 

between compositions are very much greater than any possible 

experimental errors so that the trend i s firmly established. A similar 

r e s u l t has now been found at the higher frequencies (between 500 MHz and 

5 GHz) and these coaxial li n e measurements confirm that E ' increases in 

the order Mg<Y<Ca. 

Some remarks may be made in conclusion regarding the influence of 

nitrogen substitution on the d i e l e c t r i c loss e". Unlike the behaviour 

of the d i e l e c t r i c constant e' the dependence of d i e l e c t r i c loss on 

nitrogen concentration varied from system to system. The measurements 

in the lower frequency range showed that an increase i n nitrogen 

concentration produced a r e l a t i v e l y large increase i n tan 6 in the 

magnesium glasses and a smaller though definite increase i n the calcium 

glasses I by contrast a small decrease was observed i n the yttrium 

glasses. The difference i n behaviour has been confirmed by the new 

measurements i n the higher frequency range. Substitution of 1A,8% 

oxygen by nitrogen increased tan 6 by 39% for magnesium glasses, by 22% 

for calcium glasses and decreased tan 6 by 16% for yttrium glasses [Fig 

4. 3 ] . These figures may be compared with the low frequency data where 

increases of 55% and 13% for magnesium and calcium glasses, and a 
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decrease of 20% yttrium glasses were observed between 500 Hz and 10 kHz 

for the same increase in nitrogen concentration. I t i s interesting to 

note the close s i m i l a r i t y between the values obtained in the two 

frequency ranges and further that the contrast in behaviour between the 

yttrium glasses and the others has been confirmed. I f the changes in 

d i e l e c t r i c loss are to be atrributed to changes in the chemical bonding 

there seems no obvious reason why the yttrium ion should d i f f e r so 

markedly from both calcium and magnesium. I t must be borne in mind, 

however, that, at the present stage of development of the preparative 

techniques for making the oxynitride glasses, there may be other 

impurities present at low levels and that the measured d i e l e c t r i c loss 

may be determined by these rather than being a direct monitor of the 

changes in cation-oxygen or cation-nitrogen bonding schemes. 
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CHAPTER 5 

THE DIELECTRIC BEHAVIOUR OF OXYNITRIDE GLASSES 

IN THE MICROWAVE FREQUENCY RANGE 

5.1 INTRODUCTION 

Three glass systems, magnesium, calcium and yttrium, were studied 

at microwave frequencies. The oxide glass and an oxynitride glass of 

the magnesium and calcium systems were measured at 2.9 GHz and 9.3 GHz ; 

the oxide and an oxynitride of the yttrium systems were measured at 9.3 

GHz. 

The main objective was to investigate whether nitrogen 

concentration and cation type had any effect on d i e l e c t r i c constant, and 

i f so whether i t was similar or different to the effects at lower 

frequencies. The absence of, or a different type of dependence would 

imply that the d i e l e c t r i c properties were now controlled by a different 

mechanism, with a changeover i n the intervening frequency range, 

5o2 GLASS COMPOSITIONS 

The specimens were supplied from the same bulk samples of material 

as those measured at audio frequencies. Their compositions are given i n 

Table 3.1 i n Chapter 3 and correspond to sample numbers (1) , ( 3 ) , ( 4 ) , 

( 6 ) , (9) and (10). 

5.3 SPECIMEN DIMENSIONS AND ASSOCIATED ERRORS 

Specimen s i z e s of about (5mm x 3mm x 0.5mm) were used. Dimensions 

varied s l i g h t l y from specimen to specimen giving a range of volumes from 
3 3 

6 mm to 12 mm . The dimensions and volumes are given in Table 5,1. 



TABLE 5,1: The dimensions and volumes of the specimens measured at 

2.9 GHz and 9,3 GHz 

Sample Dimensions (mm) 
3 

Volume (mm ) 

(1) 5,322 X 2,954 X 0.663 10,423 

(3) 5,982 X 2,880 X 0,656 11,302 

(4) 5,338 X 2,940 X 0,460 7,219 

(6) 5,318 X 2,950 X 0,501 7,860 

(9) 5,642 X 3,194 X 0,381 6,886 

(10) 5.266 X 3,239 X 0,714 12,178 
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Polishing was unnecessary as the cut faces were smooth enough to 

have no i r r e g u l a r i t i e s large enough to introduce signi f i c a n t errors into 

the calculation of volume. 

. Where possible the two specimens of each glass systrem were cut to 

s i m i l a r dimensions, so that the only variable when specimens in the 

cavity were interchanged was that of composition. As can be seen from 

Table 5.1, t h i s was achieved for the magnesium and calcium glasses, but 

was not possible for the yttrium glasses. 

The c a v i t i e s and the perturbation method described in Chapter 4 

were used and the specimens placed in the cavity with the maximum 

surface area tangential to the e l e c t r i c f i e l d i n order to achieve 

maximiun s e n s i t i v t y . Values of E ' were calculated from equation 3,17 

using the approximation that F(e') = 1, when the expression simplifies 

to 

c 

While t h i s approximation introduces a systematic error which causes the 

values of e'to be lower than the true values, i t does not introduce 

errors into the nature of the dependence of e' on composition i f 

specimens of si m i l a r dimensions are used. The errors due to this were 

estimated to be between + 12% and + 20%, 

The use of very thin samples would have reduced t h i s error 

considerably, but at the expense of increasing two other errors which 

would have been random rather than systematic and which would therefore 

have tended to obscure systematic variations of d i e l e c t r i c constant with 
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composition. For very small cross-sections, i r r e g u l a r i t i e s in 

cross-section would have an appreciable effect on specimen volume ; 

errors i n measuring the cross-sections and therefore volume would also 

be larger. Unless longer specimens were used, and these were not 

available i n the materials investigated here, reducing the 

cross-sections would reduce the specimen volume. The difference in 

resonant frequency caused by inserting a specimen into the cavity would 

therefore be smaller (and the differences between different specimens 

smaller s t i l l ) , hence the error in measuring 6a) would be increased. 

5,4 EXPERIMENTAL MICROWAVE DATA 

The values of e° measured at 2,9 GHz and 9,3 GHz, with the 

corresponding values of ( e ' - e ^ calculated using Drew's values of 

re f r a c t i v e index [Drew and Jack 5,1, Drew 5.2] are given in Table 5,2, 

For each composition, the difference i n e'between 2.9 GHz and 9.3 

GHz was within experimental error, showing that any change with 

frequency over t h i s narrow range i s small, and therefore that the 

response i n t h i s microwave region forms part of a region of f l a t 

response and i s therefore distant from a d i e l e c t r i c dispersion. Also, 

as resonant dispersions occur at microwave frequencies, the f i r s t 

resonance can be assumed to be above 10 GHz, The values of permittivity 

e' ranged from 5,6 to 7,8, large enough for possible i n d u s t r i a l 

d i e l e c t r i c applications i n the S and X bands. I t was found that e' 

shows a strong dependence on both the concentration of nitrogen for a 

given cation, and on the type of cation for a given concentration of 

nitrogen. Fig 5,1 and Fig 5.2 show the values of e' and (e'-

plotted against nitrogen concentration for a l l the glasses measured, at 

2.9 GHz and 9.3 GHz respectively. As the variation with frequency i s 



TABLE 5,2 ; Values of D i e l e c t r i c Constant e' measured at 2.9 GHz and 

9,3 GHz, with the corresponding calculated values of 

Sample Cation 

(1) Mg 

(3) Mg 

(4) Ca 

(6) Ca 

(9) 

(10) 

% oxygen 

replaced by 

nitrogen 

2,9 GHz 

14.8 

9.8 

5.63 

6,92 

7.13 

7.83 

14.8 

9.3 GHz 

5.70 

6.53 

7.04 

7,75 

6,87 

7,38 

2,9 GHz 

3.17 

4,21 

4.54 

5.06 

9,3 GHz 

3.24 

3,82 

4.45 

4.98 

4.11 

4.33 
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small, the two plots are sim i l a r . Nitrogen concentration has again been 

expressed as the percentage of oxygen of the appropriate oxide glass for 

which nitrogen has been substituted. For each glass system increasing 

the nitrogen concentration increased the d i e l e c t r i c constant, and as the 

cation type changed, the d i e l e c t r i c constant increased in the order 

magnesium, yttrium, calcium. 

Considering the res u l t s at 9,3 GHz, which were measured for three 

systems, substituting nitrogen for 14,8% of the oxygen of the oxide 

glass increased e' by 15% i n the magnesium system and by 7% i n the 

yttrium system. The maximum nitrogen concentration measured in the 

calcium system was 9.8%, but extrapolating to 14.8% assuming a linear 

relationship s i m i l a r to that found at audio frequencies gave an increase 

i n E ' of 16%. The increase i n e' at both 2.9 GHz and 9,3 GHz are given 

i n Table 5,3. 

5,5 COMPARISON WITH LOWER FREQUENCY RESULTS 

Comparing these microwave results with the audio frequency r e s u l t s , 

a l l the trends of E ' with composition are the same; E ' increases with 

cation type i n the order magnesium, yttrium^and with increasing nitrogen 

concentration. At audio frequencies substitution of 14,8% of nitrogen 

increased e' by 21% for magnesium, 15% for calcium and 17% for yttrium. 

The increases i n the two frequency ranges are i n good agreement for the 

magnesium and calcium glasses, but not for the yttrium glasses. This 

difference may be partly caused by the different dimensions of the 

yttrium oxide and oxynitride specimens and cannot be considered 

s i g n i f i c a n t unless confirmed by measurements on samples of more similar 

dimensions. The oxynitride has almost twice the cross-sectional area, 

which would give a larger error i n E' , producing a smaller measured 

value and hence decreasing of E'. 



TABLE 5.3 : The increases in d i e l e c t r i c constant caused by substitution 

of 14.8% of oxygen by nitrogen (The values for calcium are 

extrapolated from 9.8%) 

Glass 

System 

Mg-Al-Si 

Ca-Al-Si 

Y-Al-Si 

2,9 GHz 9,3 GHz 

1,3 

1,1 

% increase 

r e l a t i v e to oxide 

glass 

23 

15 

Ae 

0,83 

1,1 

0,51 

% increase 

relative to oxide 

glass 

15 

16 
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For each composition, the value of e' at 9,3 GHz i s about 20% lower 

than the audio frequency value. The maximum difference, 23%, I s found in 

the yttrium oxynitride glass. 

When compared with the radio frequency r e s u l t s , there i s also good 

agreement. The microwave results at 2,9 GHz and 9,4 GHz f a l l with 

experimental error on the plots of log (e'- e^) against log which in 

the radio frequency case range from 500 MHz to 5 GHz, 

5,6 DISCUSSION OF MICROWAVE DATA 

The f l a t responses at both audio and microwave frequencies, with a 

20% decrease i n the value of e' between the two regions i s compatible 

with two types of behaviour, A dispersion (or dispersions) may have 

occurred i n the intervening frequency range, 20 KHz to I f so, 

the i r centre frequencies must be distant from 20 KHz at the low 

frequency side and from 500 MHz at the high frequency side, as at these 

frequencies the response i s again f l a t with no indication of the 

changing 'n' values of @, dispersion. As resonant dispersions normally 

occur at microwave frequencies and above, any such dispersion i s highly 

l i k e l y to be a d i e l e c t r i c relaxation, which suggests that i n a l l these 

glasses, the f i r s t d i e l e c t r i c resonance occurs at a frequency higher 

than 10 GHz, I f a relaxation i s present between 20 KHz and 500 MHz, the 

observations that the value of e' f a l l s by j u s t 20% of i t s 20 KHz value, 

between 1 KHz and 10 GHz and that a l l the trends with composition are 

unchanged I n the frequency ranges, above and below the dispersion 

suggest that the mechanism which produces t h i s relaxation i s not the 

dominant d i e l e c t r i c mechanism of these materials. 

The other possible type of behaviour i s that the response for each 

glass composition i s f l a t over the intervening frequency range, and that 
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the power law found at audio frequencies extends without interruption 

over the seven decades of frequency to the microwave region. For this 

to be possible, the value of n found at audio frequencies must be 

compatible with a 20% decrease in E ' over the complete range. The 

maximum decrease i n E ' was the 23% change of the yttrium oxynitride 

glass. This requires a value of n not l e s s than 0.985, The value of n 

given by the audio frequency measurements was 0,99 ± 0.02, A f l a t 

response with n between 0.985 and 1.0 i s therefore consistent with both 

sets of data. The r e s u l t s also show that taking a l l the glass 

compositions measured, the order in which E ' increases with composition 

i s exactly the same in both frequency ranges. This i s compatible with 

either type of response, and also with the suggestion that any 

relaxation which may occur i s not due to the domlnent d i e l e c t r i c 

mechanism. 

The type of response has implications for the possible applications 

of these glasses. The fact that the response over the microwave 

frequency range i s f l a t with a usefully high value of E ' suggests that 

these glasses may have applications as d i e l e c t r i c s at S-band and X-band. 

I t also suggests that none of these glass compositions, i f found in the 

glassy phase i n S i ^ ceramics, w i l l cause the ceramic to have a 

d i e l e c t r i c dispersion i n t h i s region. This microwave behaviour also 

suggests that extending the d i e l e c t r i c study to both lower and higher 

frequencies would be worthwhile. Measurements in the 20 KHz to 500 MHz 

range would determine the type of response. I f the response were f l a t , 

then these glasses could have applications as very broad band 

d i e l e c t r i c s whose response could be adjusted by changes in composition. 

I f a relaxation were found, i t s behaviour and dependence on composition 
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would important because of i t s effect on the behaviour of S l ^ N̂  

ceramics, A response which was found to give a f l a t response at 

frequencies above 10 GHz could lead to applications i n millimetre 

wavelength radome materials, and in mullimetre wave electronic devices. 

5,7 COMPARISON OF CAVITY PERTURBATION AND CO-AXIAL LINE 

MEASUREMENT TECHNIQUES 

As mentioned e a r l i e r coaxial l i n e techniques were developed 

independently for use i n the frequency range 500 MHz to 5 GHz, At the 

upper end of t h i s range the frequency approaches those characteristic of 

the microwave region and i t i s consequently of Interest and Importance 

to compare the techniques - and the results obtained with them - in more 

d e t a i l , especially i n the region where coaxial lin e and cavity 

perturbation measurements can be made at the same frequency. 

In p a r a l l e l with the development of the techniques to measure small 

differences i n d i e l e c t r i c behaviour between physically small specimens 

at audio frequencies (bridge methods), radio frequencies (a meter) and 

microwave frequencies (perturbed c a v i t i e s ) described here, two coaxial 

techniques for high frequencies were developed by Ahmad [5.3] and by 

Kulesza, Thorp and Ahmad [5.4] working in the same group. A coaxial 

mathced termination method gave good accuracy i n the measurement of 

d i e l e c t r i c constant e\ and a resonant l i n e method proved capable of 

measuring the d i e l e c t r i c l o s s , e", in low loss materials. The apparatus 

was designed so that both methods used the same coaxial lin e (a General 

Radio slotted l i n e system) and the same sample holder, and differed only 

i n the termination : a matched load was used i n one case and a variable 

short c i r c u i t stub i n the other. 
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A comparison of the d i f f e r e n t sets of data shows the f o l l o w i n g 

p o i n t s 

(a) Where e' has been measured again f o r the o x y n l t r l d e s reported 

here, there i s very good agreement between the two sets of 

data. 

(b) The data f o r 9.3 GHz f o r a l l the specimens measured when 

p l o t t e d on the l o g e' against l o g f graphs l i e on the same 

s t r a i g h t l i n e s , showing th a t i n a l l cases the power law 

response extends t o 9.3 GHz. The 2.9 GHz are also i n good 

agreements again l y i n g on the corresponding s t r a i g h t l i n e s . 

I t i s i n t e r e s t i n g t h a t the c a v i t y data and the coaxial data f a l l on 

the same s t r a i g h t l i n e s when p l o t t e d . Measurements at audio frequencies 

and at c o a x i a l l i n e frequencies are c a r r i e d out on the same disc 

specimens, so t h a t e r r o r s between the d i f f e r e n t regions o r i g i n a t e from 

the techniques themselves w i t h no c o n t r i b u t i o n from the use of d i f f e r e n t 

specimens. Also, data taken w i t h a s i n g l e technique w i l l have smaller 

e r r o r s between the data at d i f f e r e n t frequencies» as systematic e r r o r s 

between techniques are absent. The c a v i t y data were obtained w i t h a 

d i f f e r e n t s i z e of specimen from the c o a x i a l data, and w i t h d i f f e r e n t 

c a v i t i e s . The overlap i n frequency at 2.9 GHz i s important i n t h a t i t 

confirms the c o n t i n u i t y of the data taken w i t h the d i f f e r e n t techniques. 

This c o n t i n u i t y , and t h i s f a c t t h a t a l l the data formed a l i n e a r p l o t 

shows t h a t the experimental e r r o r s between the co a x i a l technique and the 

c a v i t y technique, and between the d i f f e r e n t c a v i t i e s , are small enough 

to show the nature of the frequency dependence of the d i e l e c t r i c 

constant over the complete frequency range, and e i t h e r detect d i e l e c t r i c 

dispersions or measure the exponent 'n' of a power law. The agreement 
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between the r e s u l t s f o r the d i f f e r e n t c a v i t i e s confirms that a range of 

cavities» each at a d i f f e r e n t frequency» w i l l give consistent data 

w i t h i n the l i m i t a t i o n s o f the p e r t u r b a t i o n technique» and can be used t o 

study the frequency dependence at higher frequencies. However^ as 

frequency increases and c a v i t y size decreases» c e r t a i n experimental 

e r r o r s become s i g n i f i c a n t , A m o d i f i c a t i o n of the c a v i t y technique which 

reduced these e r r o r s was developed, and i s described i n Section 80 

5o8 THE PERTURBATION METHOD AT HIGHER FREQUENCIES 

The smaller c a v i t i e s r e q u ired f o r higher frequencies have Increased 

experimental e r r o r s which become more s i g n i f i c a n t as size decreases. 

The major one i s caused by the removal of one side of the c a v i t y a f t e r 

measuring the resonant frequency of the empty c a v i t y i n order to i n s e r t 

the specimen. Any d i f f e r e n c e i n r e p o s i t i o n i n g the removable walls or i n 

the contact which i t makes t o the f i x e d w a l l s of the c a v i t y introduce 

a d d i t i o n a l p e r t u r b a t i o n s which cannot be di s t i n g u i s h e d from t h a t due t o 

the specimen. The smaller c a v i t i e s need greater p r e c i s i o n i n handlings 

and t h e i r smaller value of Q make e r r o r s more s i g n i f i c a n t . A second 

major source of increased e r r o r i s the necessity f o r smaller specimens» 

i n order t o prevent the d i s t o r t i o n of the c a v i t y f i e l d s becoming large 

enough t o i n v a l i d a t e the p e r t u r b a t i o n theory. Error i n measuring 

specimen volume increases w i t h decreasing specimen s i z e . Associated 

w i t h t h i s i s the problem t h a t as c a v i t y volume and specimen volume 

decreasess the e f f e c t of the s i l i c a suspension rod begins to become 

s i g n i f i c a n t . The presence of a s i l i c a rod i n a c a v i t y of r e l a t i v e l y 

small volume d i s t o r t s the f i e l d s i n the c a v i t y s from the normal Ĥ ^̂ ^ 

mode assumed i n d e r i v i n g equation 

iS! .1 l£ (e.-l) n.') 
c 
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from the general equations of Chapter 3. Tests w i t h the 9.3 GHz c a v i t y 

using a s i l i c a rod r e l a t i v e l y t h i c k i n comparison to the specimen 

i n d i c a t e d t h a t the measured values of the specimen permitted, would be 

increased by the presence of the rod. 

A d i f f e r e n t method of i n t r o d u c i n g specimen m a t e r i a l i n t o the c a v i t y 

e l i m i n a t e d the e r r o r s due t o removal of the c a v i t y w a l l and the s i l i c a 

rods and reduced the e r r o r i n sample volume. Instead of suspending a 

small specimen at the centre of the c a v i t y , a rod shaped specimen was 

lowered g r a d u a l l y i n t o the c a v i t y as shown i n Fig 5.3 The specimen was 

again f i x e d t o a s i l i c a rod, but t h i s rod d i d not enter the c a v i t y . 

This method requires a rod shaped sample of uniform cross-section which 

can be a disadvantage i n some m a t e r i a l s , but no other disadvantages were 

noted. The specimen i s lowered i n t o the c a v i t y by adj u s t i n g the 

micrometer head, When the edge of the specimen i s l e v e l w i t h the c a v i t y 

w a l l the c a v i t y resonance frequency i s noted. The specimen i s then 

lowered f u r t h e r i n steps of 0.25 tm, and the resonance frequency i s 

noted at each p o s i t i o n . Each increment introduces an a d d i t i o n a l equal 

volume of specimen m a t e r i a l i n t o the c a v i t y , as the specimen has uniform 

cr o s s - s e c t i o n , and hence caused equal Increments i n the resonance 

frequency as 

Af « Av 

(from eqn.3.17). The p l o t of frequency against length i s l i n e a r , a f t e r 

an i n i t i a l non-linear region when the end of the specimen j u s t enters 

the e l e c t r i c f i e l d . P e r m i t t i v i t y i s calculated from the change i n 

resonance frequency and the corresponding length of sample. Here the 
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specimen l e n g t h , and t h e r e f o r e volume, i s found more accurately than i n 

the previous method, as i t i s now the d i f f e r e n c e between two micrometer 

readings, and i r r e g u l a r i t i e s i n the end-faces or non-perpendicular end 

faces have no e f f e c t . Errors i n the other two dimensions may be 

s l i g h t l y reduced as i r r e g u l a r i t i e s i n cross-section appear as 

n o n - l i n e a r i t i e s i n the p l o t , and are averaged out, as the value of 

e' c a l c u l a t e d from the p l o t i s e f f e c t i v e l y the average over several very 

small specimens. 

This method has f u r t h e r advantages when the same m a t e r i a l i s to be 

measured at d i f f e r e n t frequencies. As the change i n c a v i t y resonance 

frequency i s continuously monitored w h i l e the specimen i s being lowered, 

the f i n a l p o s i t i o n , t h a t i s , the specimen volume, i s chosen to give the 

optimum change i n resonance frequency. Further, the same specimen can 

be used i n c a v i t i e s of d i f f e r e n t sizes by i n t r o d u c i n g smaller lengths of 

specimen i n t o smaller c a v i t i e s as p e r t u r b a t i o n theory requires. The 

l i n e a r i t y of the p l o t as more specimen m a t e r i a l i s introduced 

a u t o m a t i c a l l y provides a check t h a t the conditions of the p e r t u r b a t i o n 

technique have not been exceeded. M a t e r i a l of known d i e l e c t r i c constant 

was used t o check the accuracy of the method. The p l o t of Fig 5,4 i s 

f o r a c y l i n d r i c a l s i l i c a rod. I t gives a value of 3,84, which 

agrees w i t h the published value f o r s i l i c a . 
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CHAPTER 6 

THE TEMPERATURE VARIATIONS OF PERMITTIVITY 

AND DIELECTRIC LOSS 

6.1 INTRODUCTION 

Some p r e l i m i n a r y measurements were made of the temperature 

v a r i a t i o n s o f both p e r m i t t i v i t y and d i e l e c t r i c loss using the high 

temperature bridge techniques o u t l i n e d i n Chapter 2, These measurements 

proved t o be q u i t e d i f f i c u l t t o make and consequently i t was only 

possible t o examine one sample, the o x y - n i t r i d e glass of composition 

Ca(28) Si(56) Al(16) 0(88) N(12) i n any d e t a i l . However, as w i l l be 

seen from the sections below, the r e s u l t s which were obtained, e s t a b l i s h 

c e r t a i n trends of behaviour which are of considerable i n t e r e s t . 

6.2 TEMPERATURE DEPENDENCE OF PERMITTIVITY; EXPERIMENTAL DATA 

Some of the r e s u l t s i l l u s t r a t i n g the p e r m i t t i v i t y behaviour are 

given i n Fig.6.1 which shows the changes i n the frequency dependence of 

p e r m i t t i v i t y induced by successively increasing temperatures. They 

r e f e r t o measurements made by the low frequency bridge and Q=meter 

techniques at frequencies up t o 50 KHz, The trend of the data i s shown 

by the l i n e s drawn on the Figure which are not intended t o define the 

f u n c t i o n a l dependence of e' on frequency. Examination of Fig,6.1 shows 

t h a t the general e f f e c t i s t h a t , at any p a r t i c u l a r frequency, e' i s 

increased by increasing the temperature % t h i s e f f e c t i s noticeable as 

soon as the temperature i s raised above room temperature but becomes 

markedly more pronounced at the higher temperatures approaching 500°C. 
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Comparison of the r e s u l t s of room temperature and 100°C shows that both 

e x h i b i t v i r t u a l l y frequency independent behaviour. However, as the 

temperature i s increased, the p l o t s show successively stronger frequency 

dependence. I t may also be noted t h a t , at any given frequency, the 

increase i n e ' caused by a given temperature increment i s greater the 

higher the temperature. Furthermore, the r e s u l t s show that the 

d i f f e r e n c e between corresponding high temperature and low temperature 

values of e' i s greater at a low frequency than at a higher frequency. 

6,3 TEMPERATURE DEPENDENCE OF DIELECTRIC LOSS ; 

EXPERIMENTAL DATA 

The v a r i a t i o n of d i e l e c t r i c loss w i t h frequency at d i f f e r e n t 

temperatures i s shown ( f o r the same sample) i n Fig 6,2, These d i f f e r 

from the room temperature behaviour discussed i n previous Chapters, I t 

w i l l be r e c a l l e d t h a t , a t room temperature the observed loss (e") i s 

v i r t u a l l y frequency independent over the range of frequency ( i . e . up t o 

a t l e a s t 10 KHz) examined here. The f i r s t d i f f e r e n c e t o be emphasised i s 

t h a t , a t higher temperatures, the d i e l e c t r i c loss decreases w i t h 

frequency. This i s p a r t i c u l a r l y c l e a r l y shown by the lowest and highest 

curves f o r 212°C and 500°C r e s p e c t i v e l y . The second po i n t to note i s 

t h a t , as expected, the loss a t any p a r t i c u l a r frequency does increase 

q u i t e r a p i d l y w i t h i n c r e a s i n g temperature. The t h i r d feature revealed 

(on examining the region between the 330'*C and a420°C data) i s the 

occurrence of a r e l a x a t i o n peak which moves towards higher frequencies 

as the temperature i s increased $ t h i s r e l a x a t i o n peak i s shown more 

c l e a r l y i n Fig 6,3 which displays the SOCC t o 440°C data on a larg e r 

scale. Analysis of the form of the r e l a x a t i o n peak (most c l e a r l y shown 

i n the 375°C p l o t of Fig 6.4) shows th a t the low frequency and high 
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frequency slopes, l a b e l l e d m and n r e s p e c t i v e l y on Fig 6.4, are not 

equal and t h i s suggests t h a t the r e l a x a t i o n i s not of purely Debye form. 

An examination of the temperature dependence of the frequency f ^ 

corresponding t o the centre of the loss peak was attempted, although the 

i n d i v i d u a l estimates of f ^ f o r p a r t i c u l a r temperatures are subject t o 

considerable e r r o r . The v a r i a t i o n of w i t h r e c i p r o c a l temperature i s 

given i n F i g 6.5. The l i n e a r i t y o f t h i s p l o t i mplies t h a t a thermally 

a c t i v a t e d process i s involved 5 the a c t i v a t i o n energy derived from the 

slope of the l i n e appears t o be of a reasonable order of magnitude. 

6.4 DISCUSSION 

The temperature dependencies of both p e r m i t t i v i t y and d i e l e c t r i c 

loss are not w e l l defined i n general terms f o r any class of materials 

e i t h e r experimentally or t h e o r e t i c a l l y . Most textbooks [e.g. Harrop 

6.1] r e f e r r a t h e r l o o s e l y t o an exponential r i s e , basing t h i s p r e d i c t i o n 

on arguments based on the Clausius-Mosotti equation. Over l i m i t e d 

temperature ranges below and near room temperature the more precise 

r e l a t i o n s developed by Havinga and subsequently by Bosman and Havlnga 

[6,2J6.3] have been found t o be s a t i s f a c t o r y f o r a number of cubic 

c r y s t a l l i n e d i e l e c t r i c s . These r e l a t i o n s apply t o the temperature 

v a r i a t i o n of p e r m i t t i v i t y and, according t o Bosman and Havinga, i t can 

(e'=n (£' + 2) 3T = A + B + C 

where the parameter A arises from volume expansion ; expansion reduces 

the number of p o l a r i s a b l e p a r t i c l e s per u n i t volume and, since the 
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number of p a r t i c l e s i s constant, e' decreases w i t h increasing 
temperature. The q u a n t i t y B r e l a t e s t o the increase of p o l a r i s a b i l i t y 
of the p a r t i c l e s when expansion occurs and the parameter C arises from 
the dependence, i n a constant volume, of the p o l a r i s a b i l i t y of the 
p a r t i c l e s on temperature. Good agreement w i t h t h i s r e l a t i o n has been 
reported f o r magnesium oxide by several authors [Barters and Smith 6,4, 
W i n t e r s g i l l and Fontenella 6,5] f o r temperatures below about 200''C, and 
Bosman and Havinga's p o s t u l a t e t h a t the temperature dependence should be 
p o s i t i v e f o r m a t e r i a l s having e' < 20 has also been v e r i f i e d . 
Departures from t h i s type of behaviour have however previously been 
noted i n two senses, namely at low frequencies and at higher 
temperatures. The strong temperature dependence of e' at low 
frequencies has been discussed by Rao and Smakula [ 6 . 6 ] . These authors 
reported t h a t i n cobalt oxide and i n n i c k e l oxide the p e r m i t t i v i t y 
increased e x p o n e n t i a l l y w i t h temperature above 120°C and 150°C 
r e s p e c t i v e l y w i t h corresponding exponential v a r i a t i o n s of d i e l e c t r i c 
loss e" and they explained these v a r i a t i o n s i n terms of space charge 
p o l a r i s a t i o n caused by i m p u r i t i e s or defects. More r e c e n t l y , i n a more 
extended study o f the frequency v a r i a t i o n of the p e r m i t t i v i t y and 
d i e l e c t r i c loss of magnesium oxide at high temperatures. Thorp, Rad, 
Evans and Williams [6.7] pointed out t h a t above 200°C the p e r m i t t i v i t y 
changes much more r a p i d l y than the Havinga formula p r e d i c t s ; they also 
reported t h a t the frequency dependence of e' i s temperature dependent 
such t h a t below 200''C e' f o l l o w s 

e' (o)) - e' I = (1)'̂ "̂  

w i t h n = 0.98 ± 0.02 whereas above 200°C the value of e' f a l l s more 
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r a p i d l y w i t h frequency than would be expected from t h i s law. I t i s 

i n t e r e s t i n g t o note the form of the temperature dependent frequency 

v a r i a t i o n s found and these are reproduced i n Fig 6.6. 

The r e s u l t s obtained i n the present work on o x y - n i t r i d e glasses 

hear some s t r i k i n g s i m i l a r i t i e s w i t h the p a t t e r n of behaviour these 

authors found f o r magnesium oxide. One feature i s of p a r t i c u l a r 

importances bearing i n mind the p o t e n t i a l a p p l i c a t i o n s of the 

o x y - n i t r i d e glasses as R.F.windows or radome m a t e r i a l at microwave 

frequencies. As i n d i c a t e d by the dotted e x t r a p o l a t i o n s i n Figure 6.6 e' 

f a l l s p r o g r e s s i v e l y f a s t e r w i t h frequency from a higher s t a r t i n g value 

as the temperature i s increased ; consequently at some frequency greater 

than the upper value used i n t h a t experiment» perhaps i n the region 10 

MHzs the temperature v a r i a t i o n w i l l become very small i f the trend 

continues, A s i m i l a r e f f e c t has now been observed, Fig 6.1s i n the 

o x y - n i t r i d e glasses' behaviour. Approximate e x t r a p o l a t i o n of the 

i n d i v i d u a l p l o t s of Fig 6.1 suggests convergence near a frequency of 

around 5 MHz - 10 MHz. I f t h i s i s c o r r e c t the temperature v a r i a t i o n s i n 

the microwave regions» i . e . near 3 GHzj 9 GHz or 35 GHz would be 

expected t o be very small indeed. Furthermore» the s i m i l a r i t y of 

behaviour between the c r y s t a l l i n e magnesium oxide and the 

n o n - c r y s t a l l i n e o x y - n i t r i d e glass suggests t h a t s i m i l a r mechanisms form 

the temperature dependent processes hold f o r both types of m a t e r i a l . 

This i s an area where f u r t h e r work would be f r u i t f u l both as regards 

c l a r i f i c a t i o n of the d e t a i l e d processes involved and i n determining the 

magnitudes of the r e s i d u a l temperature v a r i a t i o n s at the p a r t i c u l a r 

frequency bands envisaged f o r o x y - n i t r i d e glass a p p l i c a t i o n s . 
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CHAPTER 7 

SOME OPTICAL PROPERTIES OF OXY-NITRIDE GLASSES 

7.1 INTRODUCTION 

The o p t i c a l p r o p e r t i e s of o x y = n i t r i d e glasses are important f o r 

several reasons. I n the f i r s t place i t i s important when assessing a 

new m a t e r i a l f o r p o t e n t i a l a p p l i c a t i o n s t o have as complete a 

c h a r a c t e r i s a t i o n - f o r example of d i e l e c t r i c , optical» themal and 

mechanical p r o p e r t i e s - as possible because i t i s very rare to f i n d 

s i t u a t i o n s i n r e a l a p p l i c a t i o n s where only one property i s important. 

For the o x y - n l t r i d e glasses one p o t e n t i a l a p p l i c a t i o n i s f o r 

radio-frequency and microwave windows and herej, w h i l s t a low d i e l e c t r i c 

l o ss a t the r . f . frequency concerned i s of paramount Importance, the 

thermal p r o p e r t i e s ( i . e . the thermal c o n d u c t i v i t y , thermal expansion and 

thermal shock resistance) have t o be considered i n view of the 

environmental con d i t i o n s under which radomes may have to operate. There 

may also be a need f o r simultaneous low absorption both at microwave and 

at i n f r a - r e d frequencies and there i s also the o v e r - r i d i n g general 

requirement f o r the m a t e r i a l t o be able t o be formed (or machined) i n t o 

the shape and s i z e r e q u i r e d . I n the second place the o p t i c a l p r o p e r t i e s 

can provide a f u r t h e r i n s i g h t i n t o the composition and s t r u c t u r a l 

r e l a t i o n s h i p s i n the glass ; a major po i n t here i s th a t any independent 

method of monit o r i n g the n i t r o g e n content of the glasses would be 

welcome and, i n p r i n c i p l e , o p t i c a l methods o f f e r two p o s s i b i l i t i e s , 

namely the possible e f f e c t of n i t r o g e n a d d i t i o n on the v i s i b l e 

absorption edge and the i n f r a - r e d spectrum r e s p e c t i v e l y . 
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T h i r d l y s some s p e c i f i c o p t i c a l measurements are necessary i n order to 

complete analysis and i n t e r p r e t a t i o n of the frequency dependence of the 

p e r m i t t i v i t y ; i n p a r t i c u l a r (as has been mentioned i n the previous 

Chapters dealing w i t h d i e l e c t r i c measurements) i t i s necessary to know 

the value of e^, the r e l a t i v e p e r m i t t i v i t y at i n f i n i t e frequency, i n 

order t o c l a r i f y the conduction mechanisms involved. This quantity i s 

u s u a l l y deduced from o p t i c a l measurements of the r e f r a c t i v e index (n) 

sinc e s at frequencies which are very high r e l a t i v e to those to which the 

main i o n i c p o l a r i s a t i o n processes can responds ifc i s v a l i d to use the 

r e s u l t 

n 

obtained from electromagnetic theory. 

I n t h i s Chapter some p r e l i m i n a r y studies on the v i s i b l e and 

i n f r a - r e d spectra of a se r i e s of o x y - n i t r i d e glasses are described ; f o r 

the glass compositions studied r e f r a c t i v e index data had already been 

obtained by Drew, 

7,2 VISIBLE/UV ABSORPTION SPECTRA 

A l l the v i s i b l e / u v spectra were recorded w i t h a conventional 

spectrophotometer concentrating on the wavelength range from about 400 

nm t o 200 nm since i n i t i a l s t udies showed t h a t , f o r a l l the glasses, the 

major increases i n absorption occurred i n t h i s region, A comparison of 

the behaviour of the d i f f e r e n t oxide glasses i s shown i n Figure 7.1, I t 

can be seen t h a t the v a r i a t i o n s of absorption w i t h wavelength f o r the 

calcium and magnesium oxide glasses are very s i m i l a r i n that at 

wavelengths greater than about 350 nm nearly 95% transmission i s 
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obtained and t h a t the increase i n absorbtion occurs over a range from 

350 nm t o 200 nm beyond which the samples are v i r t u a l l y opaque. With 

the y t t r i u m glass on the other hand the absorption f o r X> 350 nm i s 

d i s t i n c t l y higher (the transmission at 400 nm being only 75%) although 

the main increase again occurs as a steady r i s e between about 350 nm and 

200 nm. 

The e f f e c t s of n i t r o g e n a d d i t i o n were next i n v e s t i g a t e d . Again, 

s i m i l a r i t i e s were found between the calcium and magnesium o x y - n i t r i d e 

glasses but a d i f f e r e n t e f f e c t was observed i n the y t t r i u m glass. 

Figure 7.2 shows the e f f e c t of n i t r o g e n a d d i t i o n on the v i s i b l e / u v 

absorption of a series of magnesium o x y - n i t r i d e glasses ; the main 

r e s u l t s are t h a t ( i ) a d d i t i o n of n i t r o g e n s l i g h t l y increases the 

absorption f o r X > 350 nm, and ( i i ) a d d i t i o n of n i t r o g e n causes a small 

s h i f t of the main absorption t o shorter wavelengths. The f i r s t of these 

r e s u l t s also applies t o the calcium o x y n i t r i d e glasses. Fig.7.3, where 

f o r example a t X = 400 nm the transmission f o r the Ca-N(18) glass i s 

only 82% compared w i t h 95% f o r the pure oxide Ga-N(o) glass ; however 

here the main r i s e i n absorption occurs at about the same wavelength. A 

major d i f f e r e n c e becomes apparent when examining the v i s i b l e / u v spectrum 

of the y t t r i u m o x y n i t r i d e glasses. These are shown i n Figure 7.4. 

Here, i n complete constrast t o the behaviour of both the calcium and 

magnesium glasses, the a d d i t i o n of n i t r o g e n decreases the absorption ; 

thus at 400 nm the transmission of the oxide glass Y-N(o) i s only 76% 

but t h a t of the o x y - n i t r i d e Y-N(18) has increased t o 92%. [ I t should be 

noted t h a t only one sample of each glass composition was examined so 

t h a t the p o s s i b i l i t y of having a n o n - t y p i c a l sample must be considered ; 

i t i s noteworthy however t h a t the y t t r i u m glasses displayed d i f f e r e n t 
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d i e l e c t r i c loss v a r i a t i o n s from both magnesium and calcium glasses and 

t h i s lends support t o the view t h a t t h i s r a t h e r s u r p r i s i n g r e s u l t i s 

genuine]. A comparison of the v i s i b l e / u v spectra of the three 

o x y n i t r i d e glasses containing the same (maximum) amount of nitrogen -

i . e . Ca-N(18), Mg-N(18) and Y-N(18) - i s made i n Figure 7,5 which again 

shows t h a t f o r wavelengths greater than about 350 nm the y t t r i u m 

o x y n i t r i d e glass gives the greatest transmission. 

7o3 INFRA-RED SPECTRA 

The i n f r a - r e d spectra were also obtained using standard 

spectroscopic techniques f o r which the specimens were prepared from 

powdered glass mixed w i t h KBr and pressed i n t o disc-shaped p e l l e t s . I n 

t h i s s e c t i o n of the work the aim was t o t r y t o i d e n t i f y the wavelengths 

at which s i g n i f i c a n t IR absorptions occurred since, mainly because of 

l i m i t a t i o n s of sample a v a i l a b i l i t y , i t was not possible to attempt t o 

measure the a c t u a l i n f r a - r e d absorption c o e f f i c i e n t s . 

Comparative spectra of the corresponding oxide and o x y n i t r i d e and 

o x y n i t r i d e glasses are given i n Figures 7 , 6 , 7.7 and 7.8 f o r the 

magnesium, calcium and y t t r i u m glasses r e s p e c t i v e l y . Taken as a whole 

these spectra show q u i t e a high degree of s i m i l a r i t y , w i t h the main 

f a i r l y broad absorption features occurring near 3500 cm ^, 950 cm ^ and 

500 cm"^ and evidence f o r f i n e s t r u c t u r e ( p a r t i c u l a r l y evident w i t h 

Ca-N(lO), Fi g . 7 . 7 ) near 650 cm'"'" and 760 cm""*" i i n a d d i t i o n there i s 

evidence f o r an e x t r a absorption l i n e near 250 cm ^ which appears f o r 

two of the n i t r o g e n containing glasses ( i . e . Ca-N(lO), Fig 7.7 and 

Y-N(18), F i g 7.8) but i s not observable i n any of the oxide glass 

spectra. 
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When considering the i n t e r p r e t a t i o n of the i n f r a - r e d spectra i t i s 

h e l p f u l f i r s t to summarise some previous data on s i m i l a r glass systems, 

i n p a r t i c u l a r the recent work of Hutton and Thorp [ 7 . 1 • on the 

v i b r a t i o n a l spectra of MgO-Al^O^-SiO^ glasses containing Ti02. 

The glass batches were prepared from f i n e powders of Si02. ^^2^3' 

MgO and Ti02« base glass components, i . e . Si02s ^^2^3 were 

a l l of 4W p u r i t y , the 100 ppm of i m p u r i t i e s being l a r g e l y r e f r a c t o r y 

oxides s i m i l a r t o the melt components. T o t a l i r o n group i m p u r i t i e s were 

less than 10 ppm. The Ti02 which was added t o the base glass was of 

"specpure" q u a l i t y w i t h less than 1 ppm of any i n d i v i d u a l paramagnetic 

i m p u r i t y . I n a l l , f i v e glass compositions were founded, four containing 

Ti02s and a base glass without added t i t a n i a . The melt compositions 

are given i n Table 7,1, 

Melt batches of lOOg were founded a t ISOO^C, w i t h i n Pt-Pt 10% Rh 

c r u c i b l e s , f o r a period of 50 h. Periodic s t i r r i n g i n s i t u prevented 

f r a c t i o n i n g of the melts i n t o l ayers of va r y i n g composition, and 

seed-free homogeneous melts r e s u l t e d . Homogeneity was confirmed by t e s t 

specimens, which a f t e r c a r e f u l annealings showed only s l i g h t 

b i r e f r i n g e n c e due t o r e s i d u a l stress when viewed i n a " s t r a i n " viewers 

there being no i n d i c a t i o n of composition-induced b i r e f r i n g e n c e . 

The annealing temperature (T ) of the base glass was found by 
S 

d i f f e r e n t i a l thermal analysis t o be at 790 t o 800''C, and since i t has 

been es t a b l i s h e d t h a t optimuim " n u c l e a t i o n " temperatures are some 20 to 

50''C above the annealing temperature the samples studied here were 

h e a t - t r e a t e d f o r 3 h at e i t h e r 750, 800 or 850''C. As i n the 

o x y - n i t r i d e studies described above, the glasses and ceramics were 

f i n e l y ground and prepared as KBr discs by a standard die-pressing 



Reference 
number 

Mel t c l a s s i f i c a t i o n 
& nominal composi t ion 

A n a l y t i c a l data (wt%) Reference 
number 

Mel t c l a s s i f i c a t i o n 
& nominal composi t ion 

S i 0 2 A I 2 O 3 MgO T i O j 

Mel t 1 Base glass (BG) 6 0 2 0 2 0 0 

Mel t 2 BG + 0 o 2 % T i 0 2 5 9 . 8 8 1 9 o 9 6 1 9 , 9 6 0 , 2 0 

Mel t 3 BG + 1 % T i 0 2 5 9 o 4 1 1 9 . 8 0 1 9 , 8 0 0 , 9 9 

Melt 4 BG + 5 % T i 0 2 5 7 o l 4 1 9 , 0 5 1 9 . 0 5 4 , 7 6 

Mel t 5 BG + 1 0 % T i 0 2 5 4 . 5 5 1 8 . 1 8 1 8 . 1 8 9 , 0 9 

TABLE 7 o l ; Compositions o f glasses examined [ a f t e r Hutton and Thorp] 
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t echn ique . Room temperature absorp t ion spectra between 2.5 and 40 him, 

(4000 to 250 cm ' ' " ) , were measured on a Perkin-Elmer model 475 double 

beam spectrometer . F i g 7,9 i s a composite diagram of the i n f r a - r e d 

abso rp t i on spec t ra f rom glasses 1» 3 and 5, both w i t h and w i thou t 

p r e - c r y s t a l l i z a t i o n heat t rea tments . The absorp t ion peaks are broad and 

i l l - d e f i n e d but i t i s c l e a r t ha t no s u b s t a n t i a l changes i n the spectra 

have r e s u l t e d f r o m the a d d i t i o n of Ti02 to the base glass compositions 

o r indeed w i t h i n any p a r t i c u l a r composit ion due to p r e - c r y s t a l l i z a t i o n 

heat t r ea tmen t s . The main " h i g h " and " low" frequency peaks occur a t 

1080 and 450 cm"''' w i t h shoulders on these peaks at 1200, 930 and 

550 cm ^ . The abso rp t ion on a l l t races a t 3500 cm "'' i s due to 0-H 

"group" v i b r a t i o n s [Banwellp 7 . 2 ] . 

The v i b r a t i o n a l spectra o f a and 6 quartz have been succes s fu l l y 

computed [ S c o t t and Portos 7 .3 , Etchepare e t a l 7 .4] and, assuming a 

d i so rdered quar tz s t r u c t u r e , i . e . a d i s t r i b u t i o n o f bond angles and 

s t reng ths around those found i n qua r t z , as a model of v i t r e o u s s i l i c a 

[Warren and B i sco , 7 . 5 ] , the main f ea tu re s of the glassy spectrum have 

been d e r i v e d [ B o r e l l i and Su, 7 , 6 5 Su and Bock, 7 .7; Hass, 7 , 8 ] . 

Multicomponent g lasses , however, con t a in s i l i c a te t rahedra w i t h one, 

two, t h r e e , or f o u r non-bonding oxygens (nbo) , i , e , t h e i r basic 

2- 3- 4 -
s t ruc fcu ra l u n i t s may be the [ S i O ^ ] , [SiO^] , [SiO^] , or the [SiO^] 

groups. T h e o r e t i c a l s tud ies (7 ,8 ) have shown tha t these u n i t s 

i nco rpo ra t ed i n t o a c r y s t a l l i n e or v i t r e o u s m a t e r i a l w i l l have 

c h a r a c t e r i s t i c "group" f requencies [ 7 , 2 ] . Thus the exis tence o f these 

s i l i c a t e groups i n a g l a s s , can, i n p r i n c i p l e , be i n f e r r e d by a 

comparison o f the v i b r a t i o n a l spectrum of the g la s s , and the v i b r a t i o n a l 

spec t ra o f c r y s t a l l i n e s i l i c a t e s known to con ta in s p e c i f i c groups. This 
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approach has been s u c c e s s f u l l y employed by K o n l j n e n d i j k [ 7.9 ] i n 

i d e n t i f y i n g bora te groups i n borate and b o r o - s i l i c a t e glasses. 

Most c r y s t a l l i n e s i l i c a polymorphs» fused s i l i c a » and many 

commercial h igh s i l i c a glasses such as Vycor , have been s tudied and the 

main i n f r a - r e d bands c a t a l o g u e d » [Etchepare e t a l 7,4; Hass, 7 .8; 

K o n i j n e n d i j k s 7 ,9 ; Hong and Angel l» 7.10; Ferraro et a l 7 , 1 1 ] , The 

framework [SiO^] t e t rahedron has i t s main bands ( i n both glasses and 

- 1 - 1 c r y s t a l s ) , i n the 1070 to 1090 cm and 440 to 480 cm reg ions . The 

s i l i c a t e glasses do m i r r o r the " s h i f t " to lower f requencies which i s 

observed i n the main h igh- f requency c r y s t a l l i n e s i l i c a t e bands when the 

number o f nbos increase . E s s e n t i a l l y , bands at f requencies lower than 

the 1070 t o 1080 cm main peak o f the framework te t rahedron , become 

more i n t e n s e , e , g o i n most c r y s t a l l i n e m e t a s i l i c a t e s ( [SiO^] u n i t s ) , 

the re are three main h igh- f requency bands i n the 850 to 1080 cm ^ 

r e g i o n , a l l o f comparable i n t e n s i t y [Hass, 7 ,8 ; Estep et a l 7 . 1 2 ] . 

The m u l t i p l e h igh- f requency peaks o f the c r y s t a l l i n e s i l i c a t e s 

broaden to one or two main peaks i n the glassy s i l i c a t e spect ra . At low 

concen t ra t ions o f nbos a peak at 950 cm taken by many authors to be 

i n d i c a t i v e o f the S i - 0 t e r m i n a l s t r e t c h i n g mode [ T a r t r e , 7.13; Manghrani 

e t a l 7,14; Estep e t a l 7,15] appears as a shoulder on the intense 1050 

to 1080 cm~^ v i t r e o u s s i l i c a peak. As the glass m o d i f i e r s increase to 

the m e t a s i l i c a t e r a t i o , these peaks assume approximately equal 

i n t e n s i t i e s . I n some systems the above peaks merge to a s i ng l e broad 

peak a t 980 cm""*". 

I n most b i n a r y s i l i c a t e glasses and c r y s t a l s o f d i s i l l c a t e and 

m e t a s i l i c a t e composi t ions , the I n f r a - r e d absorp t ion i n the reg ion of 

1200 cm'"'' i s very weak. Exceptions occur when the glass phases separate 
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i n t o h igh s i l i c a and h igh a l k a l i regions [Croz ie r and Douglas 7,16] ; i t 

i s suggested then t h a t the h igh- f requency pa r t of the spectrum, and i n 

p a r t i c u l a r the h igh- f requency shoulder at 1200 cm ^ on the main 1060 

cm ^ peak, i s due to the h i g h - s i l i c a r e g i o n , and the band i n the reg ion 

o f 950 cm ^ i s due to the h i g h - a l k a l i phase. This explanat ion may be 

a p p l i e d here , the 'v* 1200 and 930 cm ^ could be c h a r a c t e r i s t i c of a 

h i g h - s i l i c a r e g i o n and a r eg ion of d i s i l i c a t e or m e t a s i l i c a t e 

compos i t ion . The 1080 cm ^ band would be common to each of these glass 

phases, 

I n conc lus ion i t may be noted tha t the constancy o f the 

exper imenta l spec t ra throughout the composi t ional ranges examined both 

by Bu t ton and Thorp and i n the present s tudies on the se r ies o f 

o x y - n i t r i d e glasses must be i n t e r p r e t e d as a corresponding constancy i n 

the na tu re o f the s i l i c a t e u n i t s w i t h i n the g lass ; i f there were 

s i g n i f i c a n t changes i n the number o f non-bridged oxygen atoms per s i l i c a 

t e t r ahed ron these would be r e f l e c t e d i n s i g n i f i c a n t i n t e n s i t y changes i n 

the h igh- f requency bands. I t i s a lso c l ea r tha t f u r t h e r s tudies near 

the 250 cm~^ r e g i o n would be b e n e f i c i a l i n order to e s t a b l i s h f i r m l y 

whether I „ R - s p e c t r o 8 c o p y can provide a means f o r assessing the degree to 

which n i t r o g e n a d d i t i o n has been s u c c e s s f u l l y accomplished dur ing the 

p r e p a r a t i o n o f the o x y - n i t r i d e glasses . There appears to be l i t t l e 

i n f o r m a t i o n on the i n f r a - r e d spectra o f n i t r o g e n ceramics i n the 

l i t e r a t u r e and examinat ion o f m a t e r i a l s such as s i l i c o n n i t r i d e , 

aluminium n i t r i d e and p o s s i b l y magnesium n i t r i d e might provide u s e f u l 

r e fe rence s tandards . 
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APPENDIX I 

P u b l i c a t i o n s Based on the Studies of Oxyn i t r ide 

Glasses Described i n t h i s Thesis 

1.1 D i e l e c t r i c p r o p e r t i e s o f some o x y n i t r i d e glasses 

J ,S,Thorp and SoV.J.Kenmuir 

J o u r , M a t e r , S i c ( L e t t e r s ) , 16 (1981), 1409, 

1.2 The D i e l e c t r i c behaviour of M g - A l - S i , C a - A l - S i , Y - A l - S i 

and N d - A l - S i o x y n i t r i d e glasses 

S,V,J ,Kenmulr , J .S .Thorp , B , L o J , K u l e s z a , 

J ou r ,Ma te r ,Sc i 18, (1983) , 1725, 

1.3 High f requency d i e l e c t r i c p r o p e r t i e s of M g - A l - S i , Ca -Al -S i , 

and Y - A l - S i o x y n i t r i d e glasses 

J .S .Thorp , A.B.Ahmad, B,L,J .Kulesza and S,V,J.Kenmuir 

J o u r , M a t e r , S c i 19, (1984) , 3211, 
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APPENDIX I I 

P u b l i c a t i o n s based on work on magnesium oxide undertaken 

i n a d d i t i o n to the main researches on o x y n i t r i d e glasses. 

I I o l High frequency d i e l e c t r i c p r o p e r t i e s o f MgO, Fe/MgO and Cr/MgO 

J .S .Thorp , B . L , J . K u l e s z , N.E.Rad, S.V,J,Kenmuir, 

J o u r . M a t e r , S c i , 1 6 , (1981) , 1052, 

11,2 D i e l e c t r i c p r o p e r t i e s o f s i n g l e c r y s t a l Co/MgO 

J .S .Thorp , M.D.Hossain, S.V,J,Kenmuir, 

So l ,S t a t e Comm,38, (1981) , 455, 

Copies o f these papers are inc luded i n t h i s Appendix, The 

techniques used t o make the measurements were the same as 

those descr ibed i n d e t a i l i n the main pa r t o f the t h e s i s . 
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J O U R N A L O F M A T E R I A L S S C I E N C E 1 9 ( 1 9 6 4 ) 3 2 1 1 - 3 2 1 6 

J . S. T H O R P . A. B. A^31V1AD. B. L. J . K U L E S Z A , S. V. J . KEiMMUIR 
Department of Applied Physics and Electronics, University of Durham, South Road, 
Durham, UK 

Recsntlv developed coaxial line technique [1] have been used to determine, at room 
temperature, the values of the rigal (f') and imaginary is") parts of the dielectric constants 
for some Mg—Al—Si, Ca—Al-Si and Y—Al—Si oxynitride glasses over the frequency range 
500 WJHz to 5 GHz. The frequency dependencies of e' and e" are consistent with the 
universal lavtf of dielectric response in that (e — eJi « cj*"~" and e" « w'""" for all glass 
competitions; the high experimental value of the exponent (/? = 1.0 ± 0.1) suggests the 
limiting form of lattice loss [2] situation. In this frequency range, as previously reported 
[3] at longer wavelengths, the addition of nitrogen increase the dielectric constant, (e); 
in both the oxide and oxynitride glasses e is also influenced by the cation, being 
increased with cation type in the order magnesiufn, yttrium, calcium as at lower fre­
quencies. 

In 1981 Thorp and Kenmuir [4] reported initial 
measurements on the dielectric properties of 
Ca-Al-Si and Mg-Al-Si oxynitride passes. 
Room temperature measurements of the dielectric 
constant and loss factor, using bridge techniques 
from 500 Hz to 10 kHz, showed that for each 
particular composition the data fitted well with 
the universal dielectric response law. It was also 
found that the addition of nitrogen in the glasses 
increase e and furthermore that changing from 
magnesium to calcium increased e in either the 
pure oxide or oxynitride glasses. Recently, these 
investigations have been extended by Kenmuir 
et al. [3] to new oxynitride glass systems. Low-
frequency bridge techniques were again used to 
determine the room temperature values of the real 
(e') and imaginary (c") parts of the dielectric con­
stant and also the conductivity (a) for some 
Y-Al-Si and Nd-Al-Si oxynitride glasses and 
for further compositions in the Mg-Al-Si and 
Ca-Al-Si systems. Over the range 500 Hz to 
10 kHz the frequency dependencies of e' and e" 
are consistent with the universal law of dielectric 

response, (e - e„) « w""' and a(w) « w". For all 
compositions examined the experimental value of 

n was found to be n = 1.0 ± 0.1. In all four sys­
tems the addition of nitrogen increased the dielec­
tric constant (e') while, at each concentration ot 
nitrogen (including the oxide glasses) e increased 
with cation type in the order magnesium, yttrium, 
calcium, neodymium. Measurements on the same 
group of glasses have now been made in the 
500 MHz to 5 GHz range in order to establish 
whether the trends of behaviour found at the 
lower frequencies were maintained in the higher 
frequency regions. These measurements were 
facilitated by the development of precision coaxial 
line techniques [1] which were themselves initiated 
by the need encountered in earlier work on doped 
magnesium oxide for greater precision in the 
dielectric constant measurements with low loss 
materials. 

2. Eapstrlmm^l procsdur© 
2.1. Glass compositions 
The compositions of the glasses examined, all of 
which were prepared by the Crystallography 

0 0 2 2 - 2 4 6 1 / 8 4 $03.00 + .12 © 1984 Chapman and Hall Ltd. 
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T A B L E I Compositions of the Mg- A l - S i , , C a - A ! - S i a n d Y - A l - -S i oxynitride glasses examined 

Sample Composition (at%) % oxygen 

Mg Ca Y Si Al 0 N replaced by 
nitrogen (/?) 

1 17.0 _ _ 17.0 6.0 60.0 0 0 2.46 
2 17.0 - - 17.2 6.4 55.1 4.1 8.1 2.62 
3 17.4 - - 17.4 6.6 51.0 7.6 14.8 2.71 
4 _ 17.0 - 17.0 6.0 60.0 0 0 2.59 
5 _ 17.2 - 17.2 6.4 55.1 4.1 8.1 2.73 
6 - 17.2 - 17.2 6.5 54.2 4.9 9.8 2.77 
7 - 17.3 - 17.3 6.5 53.1 5.8 11.5 2.80 
8 - 17.4 - 17.4 6.6 51.0 7.6 14.8 2.84 
9 - - 11.8 17.8 6.8 63.6 0 0 2.76 

10 - - 12.3 18.S 7.1 54.2 7.9 14.8 3.05 

Laboratory, University of Newcastle upon Tyne 
[5], are gjven in Table 1. The compositions were 
varied systematically and each of the three cation 
systems (magnesium, calcium and yttrium) 
included an oxide glass without nitrogen. The 
oxynitrides of the system were formed by sub­
stituting chemical equivalents of nitrogen for pro­
portions of the oxygen of the oxide glass. The 
percentage of oxygen replaced in this way {R) is 
given in Table I for each of the oxynitride com­
positions. The proportions of other elements were 
held constant, and the same system was followed 
between the different cation series, which there­
fore contained equal chemical equivalents of either 
magnesium, calcium or yttrium. The ratio of (total 
positive valence)/(total negative valences) did not 
vary with either nitrogen concentration or cation 
type, and was equal to one for all the materials 
investigated. Table ! also includes the limiting 
high-frequency dielectric constant, deduced 
from optical refractive index measurements [S]. 

2.2. Measurement methods 
The measurements were made using coaxial line 
methods in which a disc-shaped sample is fitted in 
a coaxial holder terminated by either a short-
circuit, a matched termination or a resonance 
circuit; the details of these techniques have been 
described recently by ICulesza et al. [ I j . For these 
measurements circular samples of about 6.5 mm 
diameter and O.S mm thick were cut from the bulk 
oxynitride glasses using conventional diamond 
cutting methods and polished with diamond paste 
to 0.25 nm finishes. The coaxial line with short-
circuit termination proved most suitable for the 
determination of e' in the frequency range 
500 MHz to 5 GHz while the coaxial line resonance 

method v/as found to be preferable for e" deter­
mination. The matched termination method gave 
reliable answers only below about 1 GHz and was 
more suitable for the lower dielectric constant 
compositions. Above 5 GHz the voltage standing 
wave ratio (VSWR) measured by the coaxial line 
resonance method becomes very high, thus effec­
tively setting an upper frequency limit of about 
5 GHz for the loss measurements on these glasses. 
All the data were obtained at room temperature. 

The variations of log (e' — £„) with log ( / ) for the 
different compositions are given in Fig. 1. The 
values of e.. were calculated from the optical 
refractive index data given by Drew [5] and are 
included for reference purposes in Table I . Each 
composition showed a Unear variation. The slopes 
of the plots were independent of composition and 
have the value 1.0 -(- 0.1 for all specimens. (It may 
be noted here that, since there are likely to be 
some other loss process^ between the microwave 
and optical regjions, the optical refractive index 
may not be the relevant vdue for the purpose of 
the present investigation.) At any given frequency 
the value of e' depended markedly on composition, 
increaang as nitrogen concentration increased and 
varying with cation type. The corresponding loss 
(e ) behaviour is shown in Fig. 2 and this shows 
that over the extended frequency range from 0.5 
to 9 GHz the loss for each particular composition 
is almost independent of frequency. The observed 
power law dependences of both e and e" on fre­
quency are consistent with the universal dielectric 
response law in solids [6-8] in that (e' — £=)« 
c j " ' ' and e" °c w"*'. For each composition the 
values of n found from Figs. 1 and 2 agree within 
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experimental error and the observation of the 
same value of n for all the specimens suggests that, 
at room temperature in this extended frequency 
range, the dielectric polarization and loss in all the 
compositions examined results from the same 
mechanism, and that this mechanism has not been 
changed by the substitution of nitrogen for 
oxygen. 

The nature of the changes in dielectric behav­
iour caused by the substitution of nitrogen for 
oxygen becomes more apparent when the dielec­
tric constant (e') and tan 6 values are plotted 

against the nitrogen concentration at a single fre­
quency for all the compositions examined. In 
order to provide a more consistent comparison of 
the nitrogen dependence of different cation sys­
tems, the nitrogen concentration has been 
expressed as a percentage of the oxygen of the 
appropriate oxide glass for which nitrogen has 
been substituted {R%). Fig. 3 shows the variation 
of dielectric constant (e') with nitrogen concen­
tration at a frequency of 1 GHz (cj — 6.3 x 10'). 
Fig. 4 shows the corresponding variation of tan 6 
with nitrogen concentration at 1 GHz and the 
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results obtained for e, e" and tan6 are sum­
marized in Table I I . 

Since the present measurements, made over the 
frequency range 500 MHz to 5 GHz, and the pre­
vious observations, made by Thorp et al. [3] over 
the lower frequency region from 500 Hz to 
20 kHz, were aD taken with the same series of 
oxynitride glass samples, a unique opportunity 
exists for assessing the dielectric behaviour over 
this very extensive frequency range. A number of 
important features are revealed. 

For each individual glass composition the fre­
quency dependencies of both the diselectric con­
stant € and loss s" are consistent with the universal 
law of dielectric response. Taking the results for 
all the individual compositions collectively reveals 
that this whole group of rigid ceramics gives dielec­
tric behaviour corresponding to the limiting form 
of "lattice loss" [2] in which most dipolar pro­
cesses have been eliminated and frequency inde-

T A B L E I I Dielectric properties of M g - A l - S i , Y - A l - S i 
and C a - A l --Si oxynitride glas tes at 1 GHz 

Oxynitride % oxygen e' 
ti 

e tan S 

glass replaced by X 10' 
systems nitrogen (R) 

Mg 0 5.64 0.016 2.87 
8.1 6.18 0.021 3.32 

14.8 6.48 0.026 4.00 

Y 0 6.60 0.017 2.51 
H .8 7.14 0.014 2.00 

Ca 0 6.93 0.017 2.48 
8.1 7.22 0.020 2.81 
9.8 7.31 0.022 3.00 

11.5 7.39 0.023 3.10 
14.8 7.49 0.024 3.23 

pendent loss is expected. This is not common 
though it is interesting to note that similar proper­
ties have been reported both for doped magnesium 
oxide [9], a rigid refractory oxide ceramic and for 
several sialon materials [10], high frequency 
refractory ceramics containing oxygen and 
nitrogen. 

A second point of interest is to note the range 
of values of e which can be obtained by com­
positional changes in the glass system. At the 
lowest extreme one finds e' — 5.6 at 1 GHz for 
magnesium oxide glass and at the highest e' = 11.6 
at IkHz for a neodymium oxynitride glass con­
taining 8.8 at% nitrogen. This wide range suggests 
potential for the choice of special glasses where 
dielectric matching is important, e.g. in substrate 
materials for devices. In the oxide glasses e is 
dependent on the cation type and increase in the 
order magnesium, yttrium, calcium, neodymium 
while in all the systems the addition of nitrogen 
increased e'. It should be noted, however, that 
there are limits to the latter method for increasing 
e since, depending on the particular system, the 
maximum nitrogen solubility lies in the range 10 
to lSat%, the highest nitrogen-containing glasses 
so far produced [5] being in the Y-Si -Al-O-N 
system. It would be of interest to compare simpler 
oxide and nitride systems (e.g. AI3O3 and AIN; 
SiOj and SisNij) to find whether there are gener­
alized behaviour rules for nitrogen substitution 
or whether the effects described above are specific 
to the oxynitride glasses examined here. A similar 
increase in e when 1.5 at % nitrogen was sub­
stituted for the same amount of oxygen in an 
yttrium oxynitride glass has been reported by 
Loehman [11] and by Leedecke and Loehman 
[12]. 

A third feature revealed by a comparison of the 
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measurements in the different frequency ranges 
relates to the cation order found to give increasing 
values of the dielectric constant e'. This feature 
may most easily be demonstrated by reference to 
the oxide glasses. At low frequencies [3] it can be 
stated quite definitely that e' increases with change 
in the cation in the order Mg < Y < Ca < Nd; here 
the differences in e between compositions are 
very much greater than any possible experimental 
errors so that the trend is firmly established. A 
similar result has now been found at the higher 
frequencies (between 500 MHz and 5 GHz) and 
these coaxial line measurements confirm that e' 
increases in the order Mg < Y < Ca. 

Some remarks may be made in conclusion 
regarding the influence of nitrogen substitution on 
the dielectric los s". Unlike the behaviour of the 
dielectric constant e the dependence of dielectric 
loss on nitrogen concentration varied from system 
to system. The measurements in the lower fre­
quency range showed that an increase in nitrogen 
concentration produced a relatively large increase 
in tan 5 in the magnesium glasses and a smaller 
though defmite increase in the calcium glasses; by 
contrast a small decrease was observed in the 
yttrium glasses. The difference in behaviour has 
been confirmed by the new measurements in the 
higher frequency range. Substitution of 14.8% 
oxygen by nitrogen increased tan 5 by 39% for 
magnesium glasses, by 22% for calcium glasses 
and decreased tan 5 by 16% for yttrium glasses 
(Fig. 4). These figures may be compared with 
those of Kenmuir er ai [3] where increases of 55% 
and 13% for magnesium and calcium glasses, and a 
decrease of 20% yttrium glasses were observed 
between 500 Hz and 10 kHz for the same increase 
in nitrogen concentration. It is interesting to note 
the dose similarity between the values obtained 
in the two frequency ranges and further that the 
contrast in behaviour between the yttrium glasses 
and the others has been confinmed. I f the changes 
in dielectric loss are to be attributed to changes in 
the chemical bonding -there seems no obvious 
reason why the yttrium ion should differ so 
markedly from both calcium and magnesium, it 

must be borne in mind, however, that, at the 
present stage of development of the preparative 
techniques for making the oxynitride glasses, there 
may be other impurities present at low levels and 
that the measured dielectric loss may be deter­
mined by these rather than being a direct monitor 
of the changes in cation-oxygen or cation-
nitrogen bonding schemes. 
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DIELECTRIC PROPERTIES OF SINGLE CRYSTAL Co/MgO 
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The dielectric constants of single crystal MgO doped with cobalt have been 
measured at room temperature from 5C0 Hz to 15 KHz. The cobalt con­
centrations varied from 310 to 9900 ppm. For all specimens the a.c. con­
ductivity fitted well to the relation o « with H = O.SO ± O.IO. In con­
trast to the behaviour of single crystal MgO dopsd with trivalent iron or 
chromium, previously reported [1], the addition of divalent cobalt does 
not appsar to increase the conductivity in the frequency range examined. 

IN RECENT publications [1,2] some results have been 
given of the dielectric behaviour of pure MgO angje 
crystals and of crystals doped with iron or chromium. 
The first of these reported the room temperature vari­
ations of the real (e') and imaginary (e") parts of the 
dielectric constant with frequency at low frequencies 
while the second showed that the characteristic trends 
evident in the low frequency range held over the whole 
range to 9 GHz. Notable among these characteristics 
were that the a.c. conductivity (OQ.C . ) varied as 
OQ.C. °- with n = 0.98 ± 0.02 for both pure and doped 
crystals and that the addition of either of the trivalent 
ions Fe^ or Cr^ increased a^.c. (at Bay particular fre­
quency). The change in a^.e. increased with dopant 
concentration (being more pronounced with Fe^ than 
Cr^) and it was su^ested that this might in part arise 
from the introduction of additional vacancies created by 
the substitution of a trivalent ion for the divalent Mg '̂̂ . 

In order to test this hypothesis preliminary studies 
have now been made on a range of Co/MgO sin^e 
crystals. Complementary electron spin penance 
measurements made on the same crystals |3] showed 
that the cobalt entered the lattice as Co** occupying 
magneaum sites; consequently, no additional vacancies 
would be expected. The concentrations used ranged 
from 310 ppm, giving a l i ^ t pink crystal, to 9900 ppm, 
giving a deep pink colouration. M the sin^e crystals 
were grown by electro-fimon and were supplied 
(together vsdth optical spectrographic determinations of 
cobalt concentrations) by W.C. Spicer (Qieltenham) 
Ltd. The measurements of e and e" were made at room 
temperature using low frequency bridge techniques 
similar to those described previously [1,2] and 
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Fig. 1. The frequency dependence of conductivity; 
Co^*/MgO, 293 K. 
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Fig. 2. Hie variation of dielectric constant e' vnth 
cobalt concentration for Co^*/MgO; 293 K, 1.592 KHz. 

application of edge effect corrections enabled an overall 
accuracy of ± 6% to be obtained. 

The variation of log (a^.c.) with log c j is shown in 
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Fig. 1. It may be noted firstly that, for all the cobalt 
concentrations examined, the data fits the Universal 
dielectric law [4] in that o^.c. °^ co" with n = 0.90 ± 0.1; 
this effect is similar to that observed in Fe/MgO and 
Cr/MgO and indicates that the same type of conductivity 
mechanism applies with all three dopants. The second 
feature of importance is that, at any particular fre­
quency the values of conductivity for crystals of quite 
mdely different cobalt concentration are constant to 
within experimental error; in this frequency range 
there is no evidence for significant increases in conduc­
tivity due to the addition of cobalt comparable to those 
due to iron and chromium and this supports the hypo­
thesis outlined above. 

Measurements of e' have also been made at room 
temp«rature, (Fig. 2) and these show that there is a small 
but systematic increase in e' as the cobalt concentration 
is raised. This is consistent vnth the fact that the value of 
e' = 12.9 reported by Young and Frederikse for pure 
CoO, which corresponds to 100% of the available 

magnesium sites being occupied by Co'*, is significantly 
higher than the values reported for pure MgO (1,2). 
Although the concentrations at present available are too 
limited at the higher levels to enable accurate extrapol­
ation to the point corresponding to pure CoO, extrap. 
ation to zero concentration yields e' = 9.62 which is m 
agreement with the value reported by Thorp and Rad 
[ 1 , 2] for pure i 
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