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MEASUREMENTS of ^ DIELECTRIC 
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f o r t h e i r permission to incorporate these experiments 
i n t h i s thesis.-

S E C T I O N 



I N T R O D U C T I O N , 

I n spite of recent advances, the present state of our knowledge 

of the physical nature of the structure of glass lags "behind the p a r a l l e l 

inves t iga t ions i n t o the structure of other states of matter. 

The measurements of the e l e c t r i c a l propert ies of Pyrex brand 

glass incorporated i n th i s thesis were car r ied out i n the b e l i e f that the 

study of such properties w i l l increase s t i l l f u r t h e r our knowledge of the 
» 

glassy state and the theore t i ca l arguments expressed are b a s i c a l l y i n harmony 

w i t h the prevalent ideas of the structure of glass. 

With more pa r t i cu l a r reference to the l a t t e r part of t h i s work 

where a t t en t ion i s given to the d i e l e c t r i c properties of the glass under 

examination, i t i s f e l t that glass represents an idea l medium f o r f u r t h e r 

study of d i e l e c t r i c anomalies i n matter. A rigorous inves t iga t ion of the 

v a r i a t i o n of d i e l e c t r i c properties w i t h composition, temperature and other 

physical conditions i s l i k e l y to lead to considerable advances i n d i e l e c t r i c 

theory and also to add to the data on vshich to b u i l d a theory of the structure 

of glass. 
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PHYSICAL FBQPERTIE50F A TYPICAL BOROSILICATE GLASS. 

The general tendency towards a s c i e n t i f i c outlook which was 

one of the causes of the i n d u s t r i a l r evo lu t ion had i t s inf luence on the 

a r t of glassmaking, an industry which dates back to 2000 30* I n spite 

of considerable expansion, however, i . t was not u n t i l the twentieth 

century that progress was made i n physical and chemical studies of the 

nature and cons t i t u t i on of glass. Today, theories of the glassy state 

are being developed by several groups of research workers, most of whom 

base t he i r theories on the same simple atomic p i c tu re . 

As i n the case of the advances recent ly made i n our knowledge < 

of the s o l i d and l i q u i d states the use of X-rays i n the study of the 

atomic arrangement i n glass marked an important step forward. Evidence 

o f X-ray d i f f r a c t i o n patterns of a d i f f u s e nature have been obtained 

i n the case of many d i f f e r e n t glasses and i n 1933 Warren'presented a 

d e f i n i t e p ic ture of the structure of s i l i c a glass based on X-ray evidence. 

Before th i s time a number of experimenters had suggested that 

the component atoms i n a glass were joined together i n molecular aggregates, 

each such molecule being i d e n t i f i e d w i t h a d e f i n i t e chemical compound. 

This theory was supported and attacked w i t h considerable vigour by opposing 

schools but has had l i t t l e l a s t i n g s igni f icance . 
i 

A f t e r the announcement of resu l t s of X-ray d i f f r a c t i o n exper-
2 

iments, Zachariasen published an in t e re s t ing discussion of the atomic 

arrangements i n glass. He suggested that i n view of the d i f f u s e X-ray. 
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patterns the atoms must form some continuous three dimensional network. 
Whils t f o l l owing no large scale p e r i o d i c i t y as i n the c r y s t a l l i n e state 
the structure i s not e n t i r e l y random i n nature as the internuclear d i s ­
tances vary only over a f i n i t e range. I t i s convenient 'at th i s point 
to confine our a t t en t ion to a substance containing only two' kinds of 
atoms and which exists as a glass and also i n various c r y s t a l l i n e mod­
i f i c a t i o n s . This substance i s s i l i c a ( s i l i c o n dioxide , SiC^) a n < ^ i s 
the major component of the ,major i ty of modern glasses. I n the amorphous 
state,- fused s i l i c a i s "believed to consist of a network of s i l i c o n and 
oxygen atoms arranged so that each s i l i c o n atom i s surrounded t e t r a -
hedra l ly by oxygen atoms and each oxygen i s attached to ttao s i l i c o n s . 
S i l i c a also, exis ts i n three other major a l l o t r o p i c forms, c r i s t o b a l i t e , 
t r idymi te and quartz. During X-ray i n v e s t i g a t i o n s ' i t was found that the 
f i r s t sharp peak i n the d i f f r a c t i o n pat tern f o r • c r i s t o b a l i t e corresponded 
to about the centre of the d i f f u s e peak of amorphous s i l i c a and at one 
tims i t was thought that s i l i c a glass may consist of a s t ruc ture ' con ta in ­
ing large numbers of c r y s t a l l i t e s 6 f c r i s t o b a l i t e . Further work however, 

•had not supported th i s contention and i t i s now believed that the smallest 
u n i t which constantly r e p e a t s ' i t s e l f throughout the structure i s the s i l i c o n 
plus fou r oxygens - t h i s being too.small to q u a l i f y the structure f o r the 
t i t l e of a c r y s t a l . P ig . 7 shows the d i f ference between the atomic arrange-
ments i n c r i s t o b a l i t e and s i l i c a . 

The essential point i n th i s argument i s that the d i f fe rence between 

s i l i c a i n the c r y s t a l l i n e and amorphous states i s that whi l s t both consist 

of s imi l a r l a t t i c e structures of s i l i c o n and oxygen atoms the large scale 

p e r i o d i c i t y charac te r i s t i c of the former i s replaced by a random array i n 
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the amorphous state. Extending the f i e l d to cover glasses containing other 
oxides, s t i l l having s i l i c a as the main const i tuent , the p ic ture i s now that 
of a random network of s i l i c o n and oxygen atoms w i t h the add i t i ona l types f i t t i n g 
i n t o the i n t e r s t i t i a l vacancies. Or where the number of add i t iona l atoms 
i s considerable, they w i l l modify, by t h e i r "presence, the o r i g i n a l background 

i 

of the s i l i c a network and w i l l , of course, considerably a l t e r the physical 

propert ies of the s t ructure . 

I t i s thus seen that a comparison has been drawn between the random, 

network of a glass and the completely regular network of a c r y s t a l and i t 

remains to be stated what type of c rys t a l i s v isual i sed i n t h i s comparison. 

Unfortunately the c l a s s i f i c a t i o n of c ry s t a l types has been r i g i d l y performed' 

by chemists who have been anxious (wi th considerable j u s t i f i c a t i o n ) to s i m p l i f y 

the picture and i t i s usual to c l a s s i f y a crystal- i n to three main categories, 

ion ic c rys t a l s , valence crys ta ls and molecular c rys ta l s . I t was o r i g i n a l l y 

thought that the c r y s t a l l i n e s i l i c a a l lotropes were of the valence c r y s t a l 

type i n which the s i l i c o n and oxygen atoms were held together by "co-valent 

bonds". This i s undoubtedly an over s i m p l i f i e d p ic ture and the strong polar 

character is t ics of the s i l i c o n atom w i t h fou r electrons i n i t s outer she l l 

and very small atomic radius suggest that the atomic structure of s i l i c a i s 

permeated by strong e l e c t r i c f i e l d s . I n th i s case one cannot consider that 

a s i l i c o n atom w i l l exert forces only on the fou r neighbouring oxygen atoms 

but rather w i l l there be a f i e l d of a t t r a c t i v e and repulsive forces permeating 

the ent i re structure w i t h the i n d i v i d u a l atoms l y i n g at points of minimum 

p o t e n t i a l . 



When another oxide (say sodium monoxide, Nag0).is added to the 

network there w i l l , as has "been -suggested,- be considerable 'modif icat ion. 

There i s l i t t l e doubt that the sodium atoms w i l l be present in-an ionised 
i 

state presumably due to the ease w i t h which the removal of a single electron 

f rom such a large atom can be accomplished. Thus i t i s bel ieved that i n 

general the sodium atoms w i l l be present i n a t r u l y ionised condi t ion t o ­

gether w i t h s i l i con ' and oxygen atoms which are much more c losely bound. As 

w i l l be shown l a t e r , the oxygen atoms can take par t i n an ion ic ©nduct ion 

process and b e l i e f i s growing that the essential nature of a glassy, structure 

i s that of an ionic array. 

Turning now to the materials available f o r examinat ion ' i t is' found 

that amorphous s i l i c a , while very representative .of the glassy s ta te , i s 

p a r t i c u l a r l y d i f f i c u l t to use, The amorphous-aliotrope i s only stable a t ' 

temperatures above 1700°C and i f held at a lower temperature w i l l tend to 

rever t to a c r y s t a l l i n e form. • This i s p a r t i c u l a r l y true i n the temperature 

range which i s of greatest theore t ica l s ign i f i cance , thus endowing s i l i c a 

w i t h properties which make i t an unsa t i s fac tory ma te r i a l f o r our purpose. 

The rate of transformation i s , of course, g r e a t l y decreased at low tem­

peratures due to i t s ' increased v i s c o s i t y and although thermo-dynamically 

uhstable at room temperature, f u s e d , s i l i c a w i l l not appreciably a l t e r i t s 

•form even though l e f t f o r a very long period. Below 1700°C and down to 

1470°C c r i s t o b a l i t e i s the stable a l i o t rope , g iv ing way to tr idyrai te i n the 

1470 - &70°C range. Below &70°C quartz i s the stable form and i s the only 

completely stable s i l i c a a l lo t rope at room temperature. 

By adding a r e l a t i v e l y small amount of other oxides to s i l i c a i t 

i s possible to decrease the v i s c o s i t y at h igh temperatures.so that the glass 

w i l l remain i n a stable amorphous form and the.temperature below which the 
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glass' w i l l d e v i t r i f y w i l l be g rea t ly decreased. 

The chemical res is tant propert ies of pure s i l i c a are s t i l l retained 

i n the boros i l i ca te type of glass where the s i l i c a content i s s t i l l h igh . 

The structure o f such a glass presumably d i f f e r s only i n degree^t^j, the structure 

of amorphous s i l i c a ' t h u s making a bo rbs i l i ca t e glass i d e a l l y suited to our 

purpose. A w e l l known glass, a t y p i c a l bo ros i l i ca t e type, i s manufactured i n 

th is country under the name of "pyrex". The composition of Pyrex brand glass 

i s as f o l l o w s : 

Oxide % weight. 
S i 0 2 80.76 

1 

B 2 0 3 12.54 

NagO 4, 54. 

AI2O3 1.92 

AS2O3 • .24 

I t w i l l be seen that the main constituents are s i l i c a and bor ic oxide, 

together w i t h a smaller- percentage of sodium monoxide. Due to the r e l a t i v e l y 

loose binding of the sodium ions i t w i l l be found that the soda content i s - o f 

major importance i n a discussion of the e l e c t r i c a l propert ies . 

The density of th i s glass i s 2.24 gms/cc at room temperature and i t 
-6 

i a characterised by a r e l a t i v e l y low l i nea r c o e f f i c i e n t of expansion, 3»2 x 10 

per°C over the range 0 - 500°C. The l i qu idus temperature has been found to be 

1064°C. Below t h i s temperature c r i s t o b a l i t e i s found to separate from the 

glass at a rate which increases wi th lowering temperature to a maximum at 900°C. 

On lowering the temperature s t i l l f u r t h e r the increasing v i s c o s i t y of the glass 

appears to re ta rd the rate of d e v i t r i f i c a t i o n and a t 700°C the rate of separation 

of the c r y s t a l l i n e phase i s ver;- small . ^he sub ject has been f u l l y invest igated 

and i s reported i n Nature by Cox and Ki rby . 
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U n t i l recent ly i t was bel ieved that, there existed a t r a n s i t i o n 

temperature connected w i t h the v a r i a t i o n of ce r t a in physical propert ies of a 

glass w i t h temperature. There was indeed a d e f i n i t e i n f l e x i o n point on the 

graph r e l a t i n g temperature to spec i f i c physical propert ies . L i t t l e t o n * showed, 

however, that i f before measurements at any given temperature were made, the 

glass'was held f o r a s u f f i c i e n t period at that temperature, then the f i n a l resul t s 

gave no suggestion of any t r a n s i t i o n po in t . ^he previous resu l t s were due to 

the f a c t that t h i s necessary " s t a b i l i s a t i o n period" i s much greater at low 

temperatures, and i f a series of measurements are car r ied out at various tem­

peratures then an apparent t r a n s i t i o n w i l l occur at a temperature where the 
i 

s t a b i l i s a t i o n period i s of the order of the time of measurement i n the experiment. 

The suggestion that on a l t e r i n g the temperature of a glass a f i n i t e 

period of time must elapse before the glass takes on the physical properties 

appropriate to ,the new temperature, i s now f i n d i n g general acceptance. This 

s t a b i l i s a t i o n per iod, which must be in t ima te ly connected w i t h the i n t e r n a l 

v i s c o s i t y of the atomic structure i s an 'inverse f u n c t i o n of temperature. Thus 

on cooling a sample of glass, even though the rate of cooling through the 

annealing range i s very slow thus preventing the se t t ing up of mechanical s t r a i n , 

because of the absence of temperature gradients, some of the high temperature 

properties w i l l be "frozen i n " , and i t would regaire an immense period of time 

to s t ab i l i s e glass at normal temperatures. According to the temperature a t 

which samplesof glass have been s t ab i l i s ed i t i s possible to obta in otherwise 

s imi l a r samples at room temperature having widely d i f f e r e n t physical proper t ies . 

The hypothesis of s t a b i l i s a t i o n i s equivalent to supposing that the s t ructure of 

glass can, a f t e r a suitable period, a t t a i n a metastable state charac te r i s t i c of 

a p a r t i c u l a r temperature and a- s t i l l t r u l y amorphous. 
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THE CONDUCTION PROCESSES IN GLASS. 

Early experiments on e l e c t r i c a l conduction i n glass enable us to b u i l d 

up a p ic ture of the actual nature of the processes Pccurring, Experimenters 

during the l a s t century discovered that i t was r e l a t i v e l y easy to pass an e l e c t r i c 

current through glass provided the temperature of the l a t t e r i s raised to several 

hundred degrees centigrade. I t was found that the nature of the electrodes had 

considerable e f f e c t on the resu l t s obtained, and there i s ample evidence of various 
i 

types o f po la r i sa t ion occurring when the applied f i e l d i s u n i d i r e c t i o n a l . The 
I 

c l a s s i ca l work of Warburg and Tegetmeier a t the end of the l a s t century con­

s is ted of the passing o f an e l ec t r i c current through the wal l s of a glass tube 

f i l l e d w i t h mercury and maintained a t a temperature of two or three hundred 

degrees centigrade. The observed current very soon decreased to a f r a c t i o n of 

i t s o r i g i n a l value. When sodium amalgam was used however, no such decrease 
7 

occurred. Le Blanc and Kerschbaum found that when a poorly conducting layer , 

of. glass which appeared at the anode surface was ground o f f , the glass conducted 

as w e l l as before , u n t i l again t h i s badly conducting layer was formed. From 

these experiments the assumption i s made that the conduction i n these cases i s due 

mainly to the migrat ion of the sodium ions i n the d i r e c t i o n of the appl ied f i e l d , 

r e su l t i ng i n a decrease i n sodium ion concentration i n the region of the anode, 

unless there i s a replacement e f f e c t from the anode . i t se l f . 

The sodium can be replaced hy/a large number of other metals i f these 

are contained i n the anode e i ther as an amalgam or i n the fused sta te . We then 

f i n d the meta l l i c ion d i f f u s i n g through the glass i n the snake of the sodium ions , ' 

the phenomenon varying according to the size of the me ta l l i c i on . L i th ium, f o r 

example, w i t h small atomic volume replaces sodium w i t h no apparent e f f e c t on 

the mechanical structure of the glass. Larger ions , however, are found to cause 
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cracking .and the appearance of gas "bubbles along the. l ines&f the cracks i f 

the glass i s subsequently heated. Other metals permeating the glass from 

the anode cause a co lora t ion charac ter i s t ic of the colour of the metal when 

i n a c o l l o i d a l state. 

The qua l i t a t i ve picture of the conduction process occuring i n 

any glass of which sodium i s a const i tuent , i s that the s i l i c o n and oxygen 

ions form a random l a t t i c e background against which the sodium ions move from 

one i n t e r s t i t i a l vacancy to another i n the d i r e c t i o n of the applied f i e l d . I t 

i s general ly bel ieved that forces act ing upon an i o n , tending to hold i t to 

a given point i n the l a t t i c e s t ructure , 

are much weaker i n the case of a sodium 

ion than f o r the s i l i c o n , boron or ox­

ygen ions. This i s ascribed to the 

larger ionic radius of sodium which, 

i f the centre of the ion i s regarded 

as being the point at 7/hich a l l the 

S.I, icon 

chgrge i s concentrated, w i l l cause a greater separation between the centres o f , say, 

a sodium + an oxygen ion than between a s i l i c o n and an oxygen ion . 

There are several experimental f a c t s , however, which suggest that the 

above j ^ i j t u r e i s ove r - s imp l i f i ed . For example, i f a D.C. po t en t i a l i s appl ied 

'iflcro^p electrodes of platinum and a current i s passed through the . intervening 

glass then, t h i s current w i l l be observed to decrease over a short period of 

time and 2̂ et the f i n a l value so obtained w i l l remain appreciably constant 

over a much longer period. This f i n a l value represents an appreciable current 

and i s not consistent w i t h the view that the anodic layer of glass i s being 

cont inua l ly stripped of sodium ions . I n view o f the passive nature of the 
i 

electrodes we mi^ht assume that sodium ions are d r i f t i n g back in to the region 
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of the anode by a process of- thermal d i f f u s i o n , but the current i s a measure 
of the net movement of charge from anode to cathode. Then i f we decide that 
the part played by e lec t ronic conduction i s small (and th i s i s most probable 
as there i s complete absence of any H a l l e f f e c t ) , we are bound to conclude that 
there i s a thermal movement of both pos i t ive and negative ions i n to the anode 

i 

regions. That i s to say, sodium and oxygen atoms d i f f u s e towards the anode 

i n e l e c t r i c a l l y neut ra l aggregates whi ls t pos i t ive sodium ions t r a v e l away from 

the anode i n the d i r ec t i on of the f i e l d . This i s equivalent to supposing that 

while sodium ions move towards the cathode, negative (oxygen) ions move towards 

the anode during the passing of a current through the glass. 

This lias been invest igated i n the case of Pyrex glass and i t i s found 

that l i b e r a t i o n of oxygen at the anode does occur and a large amount of gassing 

w i l l take place at the anode i f a u n i d i r e c t i o n a l current i s passed through the 

glass. I n t h i s case bo th sodium and oxygen ions are important agents i n the 

conduction process. Where the anode i s capable of replacing sodium ions i n t o 

the glass the oxygen ions are not re quired to give up t h e i r charge and rever t 

to gaseous molecules, but w i l l remain i n the glassy state i n combination wi th the 

new sodium ions from the anode. 

I t was hoped to invest igate the change i n physical properties i n the 

anode layers , w i t h diminished sodium ion content, w i t h p a r t i c u l a r reference to 

d e v i t r i f i c a t i o n . The gassing, however, completely masks any other e f f e c t 

and makes examination of t h i s area rather d i f f i c u l t . 

A second experiment was carr ied out using "replaceable" electrodes 

of a form of s i l v e r paint such that the s i l v e r migrated in to the glass from 

the anode thus preventing, to a large extent, the formation of a high resistance 

layer . 
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ELECTRICAL CONDUCTION IN PYREX USING "SILVER" ELECTRODES. 

Apparatus* A small cube o f f i r e c l a y was made w i t h two nichrome 

wires embedded i n the clay. The block was d r i ed a t 150°C and then f i r e d at 

1000°C i n an e l e c t r i c furnace. The 

wires are arranged so as to support £;| SUfiSS 

a short length o f glass rod about 

1 cm. i n diameter and/ 

A f t e r cu t t i ng the rod to the required length the two end f B o e s were l i b e r a l l y -

coated w i t h l i q u i d burnish s i l v e r . This mater ia l consists of a suspension of 

f i n e pa r t i c l e s of s i l v e r i n a v o l a t i l e l i q u i d . I f the coated rod i s now held 

i n a bunsen flame the v o l a t i l e component evaporates leaving a layer of good 

conducting s i l v e r covering the ends o f the . rod. The glass can now be placed 

i n between the nichrome wires as shown i n F i g . 2» 

Method; This electrode assembly was placed i n an e l e c t r i c furnace 

and the temperature raised to 600°C at which temperature a c o n t r o l l e r maintained 

the furnace throughout the experiment. A power-pack g i v i n g 450 v o l t s D.C. was 

connected to the electrodes by way of a milliammeter. On switching on, a current 

of the order of .015 amps was obtained and i t was an t ic ipa ted that po l a r i s a t i on 

would soon occur causing a gradual decrease i n t h i s current . There was no such . 

decrease, only a s l i g h t f l u c t u a t i o n due to v a r i a t i o n i n the temperature of the 

furnace, causing v a r i a t i o n i n the resistance of the glass. I t should be noted 

that i t " was not possible to run the furnace at a higher temperature as the 

lowered r e s i s t i v i t y of the glass would have allowed a larger current to f l o w , 

which i n i t s e l f would increase the glass temperature r e s u l t i n g i n s t i l l greater 

current f l o w . At 600°C i t was possible to obta in equ i l ib r ium between the rate 

o f heat input to the glass and the loss of heat to the surroundings i n the furnace. 
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A f t e r running f o r about 20 minutes a s l i gh t decrease i n the mean ^ 
value of the current was noticed and t h i s decrease continued i m t i l a f t e r a period 
of 3 hours the apparatus was removed from the furnace. I t was found that the 
s i l v e r at the anode had almost e n t i r e l y d i f f u s e d in to the glass (the decrease 
i n e f f e c t i v e electrode area accounting f o r the observed decrease i n c o n d u c t i v i t y ) , 
and there was a band of glass which was of a very dark red colour (almost opaque) 
extending to a depth o f 2 o r 3 ™is. from the anode. This area of glass , the 
boundary of which i s very sharply def ined, i s coloured w i t h c o l l o i d a l s i l v e r 
which has migrated in to the glass i n place of ' the sodium ions moving towards 
the cathode. This accounts f o r the lack of any po la r i s a t i on i n the experiment. 
By taking i n to account the quantitative-measurements made i n t h i s experiment some 
in te res t ing resu l t s can be obtained. 

t 

Determination of Ion io M o b i l i t y o f Sodium ions i n Pyrex glass. 

A theore t i ca l value f 6 r the i on i c m o b i l i t y of the sodium ion can 

be calculated as f o l l o w s : 

Let. n = number of soda ions per un i t volume i n the glass, 

e = charge on e ach ion. 

J* = m o b i l i t y of the ions, 

cr = conduct iv i ty of the glass. 

These quant i t ies are r e l a t ed by the expression: 

w .e 

At the temperature at which the experiment'was ca r r ied out (600°C) the 

r e s i s t i v i t y of Pyrex i s llrf**^ ohm cms. Thus the conduc t iv i ty w i l l be 10^**^ 

or 6.76 x 10 ohm" cm . 
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The charge tte" on each ion w i l l be assumed to be 4*8 x 10 ^ esu or 
-19 

1« 6 x 10' • coulomb S a 

The value of "n" i s obtained from the densi ty of the glass (2.24 

gms/cc) and the percentage weight of, sodium oxide present (4a5$)a Then the 

weight of sodium present i n 1 cc i s 

hi x 4,5 
62 X ISO 

2.24 x ~ x fe| = .079 gms. 

23 
and i f Avogadro's number, the number of atoms per gm-molecule i s 6 x 10 , 
then the number of sodium ions per u n i t volume i s given by • 

n = .079 x 6 x 10 2 3 = 1.949 x DO 2 1 

23 
Thus from (1) the calculated m o b i l i t y is . given by 

_ 6.76 x 10~5 

1.949 x 10 2 1 x 1.6 x lo"1 9 

= 2.165 x 10 ^ cm/sec/unit voltage gradient. . 

Prom the observed depth to which the s i l v e r had penetrated ( v i z . 3 

mm i n 3 hours) the observed m o b i l i t y can be calculated. The voltage gradient 

i n the experiment was 150 vol ts /cm, although during the course of the exper­

iment the voltage w i l l have v a r i e d - s l i g h t l y and t h i s must be taken as a 

maximum value. 

therefore speed of tnigration _ 0»1 x 1 
~ po t en t i a l gradient 3600 150 

1.85 x 10~̂  cm/sec/unit voltage gradient. 
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Conolusion. 

The d i f ference between the observed and calculated values i s not 

excessive i n view of the possible voltage f l u c t u a t i o n . The experiment 

can then be said to give evidence i n favour of an ion i c conduction process 

as has been suggested. 

The glass rod i n t o part of which the s i l v e r had d i f f u s e d was 

examined to note any change i n physical condi t ion . Under the microscope 

no change was v i s i b l e apart f rom the deep red colour imparted to the glass. 

I n the polariscope the glass a t the boundary was i n a state, of compression. 

This w i l l have been caused by the d i f f e r e n t i a l expansion of the Pyrex and 

"s i lvered" Pyrex on cooling from 600°C. I n th i s case the presence of the 

s i l v e r must have increased^the c o e f f i c i e n t of expansion of the glass. 

2~-—|M 
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EXPEBJWKNT&L VERIFICATION OP THB SLECTROLTTIC CONDUCTION 

OF SODIUM IONS THROUGH GIASS, 

Introduction. 

The following experiment has been described i n several text-books as 

a standard i l l u s t r a t i o n of the conducting properties of a soft soda-lime glass* 

Usually, however, the experimental d e t a i l s are omitted and the experiment remains 

on a q u a l i t a t i v e b a s i s . I t w i l l be shown that with apparatus of a simple nature 

sodium ions can be transported through the walls of an e l e c t r i c lamp bulb and that 

the weight of m e t a l l i c sodium deposited during t h i s process of e l e c t r o l y t i c con­

duction accurately conforms to Faraday's Law. 

Apparatus and Method. 

The apparatus oonsists of an iro n bath containing a fused s a l t ( i n t h i s 

case a mixture of sodium n i t r a t e and sodium n i t r i t e ) into which i s placed the lower 
r 

end of the glass envelope of an ordinary e l e c t r i c lamp. The lamp i s connected to 

the A.C. mains, one of the leads to the filament also being joined to the negative 

terminal of a high voltage D.C. source, the positive terminal of which i s oonnected 

to the iron bath. Thus, provided the necessary carrying agents are present, a 

c i r c u i t i s completed from the iron bath (anode) through the e l e c t r o l y t e , the g l a s s 

envelope and the enolosed gas to the filament (cathode). The theory which t h i s 

experiment i s designed to support suggests that i n both the e l e c t r o l y t e and the 

glass the current i s due e n t i r e l y to the migration of sodium ions, whilst within 

the g l ass envelope the current flows due to the outward movement of electrons, 

emitted from the heated filament, under the influence of the e l e c t r i c f i e l d . 

A small burner of tine Meker type i s mounted below the iron bath to 

maintain the mixture of the two s a l t s a t about 250°C ( t h i s temperature i s not 

c r i t i c a l , and may vary from 150°C to over 300°C the resistance decreasing s l i g h t l y 
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with increase i n temperature). A eutectic mixture of the n i t r a t e and n i t r i t e of 
sodium i s used i n order to keep the melting point low ( i n t h i s case, 140°C). 

I t i s obviously necessary to ensure that the D.C. source i s i s o l a t e d from 
i 

the mains supply, and for t h i s experiment a simple power pack was used, u t i l i s i n g 

a centre-tapped transformer, double wave r e c t i f i e r and smoothing c i r c u i t . The 

voltage was approximately 450 v o l t s on open c i r c u i t , decreasing by about 20 toolts 

at 30 milliamps. The meter used to measure the current was an Avo (model 7 ) 

operating on the 100 milliamps range. 

The resistance of the c i r c u i t depended on the s i z e of the e l e c t r i c 

lamp and the depth to which i t was immersed i n the e l e c t r o l y t e . I t was eventually 

found advisable to use a small lamp (rated at 40 watts) and submerge the t i p of 

the bulb, no more than one inch below the surface of the molten s a l t s . The sodium 
r 

s a l t s a r e f i r s t melted and the bulb i s then slowly lowered to the above depth, 

care being taken to keep the thermal s t r e s s e s on the g l a s s envelope as low a s 

possible. I f assembled i n t h i s manner the t o t a l anode-cathode resistance i s found 

to be of the order of 15,000 ohms, varying according to the temperature and s i z e 

of the bath, and the type of lamp used. 

V e r i f i c a t i o n of Faraday's Law. 

As the experiment consists of a process of e l e c t r o l y t i c conduction 

involving a deposition of a metal not, i n t h i s case, on the cathode, but on the 

inner walls of the e l e c t r i c lamp envelope, i t was decided to investigate whether 

Faraday's Laws of e l e c t r o l y s i s were upheld. This involved c a r e f u l weighing of the 

e l e c t r i c lamp both before and a f t e r the e l e c t r o l y s i s , and c a r e f u l measurement of 

the quantity of e l e c t r i c i t y flowing. From the ehemical equivalent weight of 

sodium i t i s estimated that the electrochemical equivalent i s approximately 
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,0002 grms/eoulomb. Thus i f a current of 30mA. flows for 3600 seconds the 
weight of sodium deposited w i l l be: 

30 x l o " 3 x 36OO x .0002 = 0.0226 gms. 

This amount can be weighed accurately to .0001 gnu on an a n a l y t i c a l 

balance, but allowing for the handling of the bulb during the experiment, the 

estimated error i n weighing i s taken as .0005 gm> ( h a l f a milligramme). 

On placing the weighed bulb into position i n the electrolyte and 

switching on the A.C. and D.C. supplies the current flowing was found to be 

31*5 na. This figure was found to vary throughout the experiment (due to 

v a r i a t i o n i n temperature of the e l e c t r o l y t e and the g l a s s ) and readings were 

taken every f i v e minutes. The maximum current recorded was 34.2 mA. and the 

average 33*0 mA. The estimated maximum error i s 0.5 mA. This current was 

passed f o r 1 hour allowing a possible error of 10 seconds i n measuring t h i s 

period. 

Calculation of Results. 

Original weight of bulb = 38*4826 gms. 
F i n a l • • • = 38.5108 gma. 

Increase = 0.0282 gms. 
Average current = 33.0 milliamps. 
Time = 3600 seconds. 
E.c.e. of sodium = .0282 

3600 x 33.O x 10"3 

= .0002373 gms/coulomb. 

The calculated maximum error for t h i s quantity i s + 0.000008 gms/coulomb, 
and thus the res u l t of the experiment can be stated to be:-

E.C.E. of Sodium . = .0002J7 ± .000008 gms/coulomb. 



i 

R . . 5 
Sooiatn. 

Two views of the e l e c t r i c lamp at the end of the experiment showing 
the deposit of sodium on the upper parts^f the bulb. 

3 

f -
• 
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Conclusion. 

The accompanying photograph shows a 40 watt "bulb after the above 

treatment. I t w i l l be noticed that the deposit of metallic sodium i s only 

to be found on the upper parts of the bulb. Evidently the sodium atoms evaporate 

oh reaching the inner surface and are deposited on the cooler, parts of the bulb. 

I n spite of t h i s phenomenon there waj3 no pronounced sodium glow i n the bulb either 

during or following the experiment. 

The Handbook of Chemistry and Physics gives a value of 0.0002383 gms/ 

coulomb f o r the e.c.e. of sodium, a value which l i e s w e l l within the range of the 

error i n the above experiment. 

I t i s thus seen that Faraday's Law applies to the conduction of electricSJ 

through g l a s s , setting forward further evidence i n support of the theory that 

e l e c t r i c a l conduction puocesses i n glass are mainly i o n i c . 

t 
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KTiTTiTRICAL CONDUCTION IN RELATION TO THE STRUCTURE OP GLASS. 

I t i s now desirable to t r y and obtain an explanation of the mechanism 

of the e l e c t r o l y t i c conduction occurring i n g l a s s , based on modern hypotheses 

of the atomic structure of glasses. Recent investigations of c e r t a i n physical 

properties of glasses ( v i s c o s i t y , d e v i t r i f i c a t i o n ) and the use of X-ray analysis 

has greatly increased our knowledge of the atomic arraggement c h a r a c t e r i s t i c 

of the glassy state. Although no u n i f i e d theory e x i s t s most p h y s i c i s t s i n t e r -
l 

ested i n the. subject base t h e i r ideas on the same simple picture which w i l l be 

outlined b r i e f l y . I t i s our intention to take t h i s admittedly s i m p l i f i e d picture 

and to apply c e r t a i n equations obtained from Maxwell-Boltzman s t a t i s t i c s and to 

show that theoretical equations concerning e l e c t r i c a l conductivity so obtained, 

are very c l o s e l y supported by experimental r e s u l t s . 

I f we regard s i l i c a as the main constituent of the glass (as i t i s 

i n the case of Pyrex g l a s s ) then the majority of atoms i n a given volume of 

glass will.be mainly s i l i c o n atoms and oxygen atoms. I n any of the c r y s t a l l i n e 

forms of s i l i c a these atoms are arranged i n a symmetrical pattern c h a r a c t e r i s t i c 

of the c r y s t a l l i n e state. I n the case of amorphous s i l i c a i t i s assumed that 

although the silicon-oxygen bonds are arranged so that there are four such bonds 

associated with a s i l i c o n atom and two with an oxygen, there i s no large-scale 

r e p e t i t i o n or symmetry. This difference between, say, quartz and amorphous 

s i l i c a i s shown i n Pig. 7. I t w i l l be noticed that i n a two-dimensional 

representation the s i l i c o n atoms are shown with only three bonds. 

To obtain a s i m i l a r picture i n the case of Pyrex we must now add 

boron atoms and sodium atoms. Both of these are regarded as f i t t i n g into the 
r 

above silicon-oxygen l a t t i c e at points where the spacing i s s u f f i c i e n t l y large, 

http://will.be


H i H P 
0 0 0 

"Q' V-o 

c 
Stliton X»NS 

F, 3 
A two-dimensional representation of s i l i c a i n the amorphous and 

c r y s t a l l i n e states. 
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and i t i s usual to regard the sodium atoms as being held with r e l a t i v e l y weak 
interatomic forces, with the boron atoms next, while the silicon-oxygen bond 
i s the strongest. Not leastomong the reasons for making t h i s assumption are 
the f a c t s concerning e l e c t r i c a l conductivity mentioned previously. Even though 
there i s only htf0 sodium oxide present i n Pyrex there i s ample evidence that the 
sodium ions are almost e n t i r e l y responsible f o r the transport of e l e c t r i c charge 
through the glass. 

We do not, of course, suggest that any one atom of s i l i c a i s held by 

"bonds" to two oxygen atoms, but rather that the whole structure of atoms i s 

permeated by a " f i e l d " of a t t r a c t i v e and repulsive forces and that any one atpm 

w i l l tend to l i e a t a point where the f i e l d due to a l l other atoms has minimum 

potential energy. 

Modern theories of molecular structure suggest that the shape of the • 

potential energy function as we a 

approach an atom i s of the form 

shown i n f i g . 8. The point corr­

esponding tO minimum potent i a l 

represents the equilibrium position 

of a neighbouring atom. This atom 0 d 
Fi» O. 

w i l l have a c e r t a i n v i b r a t i o n a l energy and w i l l o s c i l l a t e about i t s equilibrium 

position. When a number of ions are concerned the individual curves combine as 
F i g . 10. 

When we consider a case as i n F i g . 9» where a sodium atom occupies 

a position ina suitable hole i n the s i l i c a l a t t i c e i t i s held i n t h i s position 

by interatomic forces. I n th i s case the atom w i l l be i n an ionised condition 
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and thus apart from the lack' of 

symmetry the glass hears consid­

erable s i m i l a r i t y to that of an 

i o n i c c r y s t a l . I f we now consider 
A i fie. 9 

a large number of sodium ions o s c i l l a t i n g about s i m i l a r equilibrium positions 

throughout the glass we can.apply Maxwell-Boltzman s t a t i s t i c s to a discussion 

of the d i s t r i b u t i o n of energy amongst these ions. Boltzman*s theorem st a t e s 

that the number of ions whose energy l i e s between E and E + dE i s 

where A i s a constant depending on the t o t a l number of ions i n the system. I t 

i s then possible to calculate the probability of one ion jumping from one e q u i l ­

ibrium position to another neighbouring vacant' s i t e . The ion i n F i g . 9 . > i n 

suoh a case, w i l l move along afeath AC and the d i s t r i b u t i o n of potential along 

the path w i l l be as shown i n Fig. 10. 

So i f an ion has s u f f i c i e n t 

energy (E) i t w i l l pass through the 

saddle point at B. This energy, E' 

i s the a c t i v a t i o n energy i n the case 

of a uniform (eg. c r y s t a l ) structure, 

a'nd i n the case of a glass we can say 
'0. 

that the average height of the potential b a r r i e r s i n the silicon-oxygen l a t t i c e 

i s a measure of the activation energy for the d i f f u s i o n of sodium ions. 

Pofc« 

I n the case of an i o n i c c r y s t a l i t i s necessary at t h i s point to define 

the direction of motion of these diffusing ions with respect to the axes of the 
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c r y s t a l . Where the substance i s i n the glassy state, however, there i s 

equal l i k l i h o o d of ionic d i f f u s i o n i n any d i r e c t i o n . Thus the p a r t i t i o n 

functions for the d i s t r i b u t i o n of energy i n the various directions of motion 

w i l l a l l he equal. 

We w i l l now proceed to calculate an expression f o r the e l e c t r i c a l 
a 

conductivity i n terms of atomic constants. 

Consider a Sodium ion situated at a point i n the l a t t i c e vibrating 

about i t s equilibrium position. The probability of i t having energy between 

E and E +dE i s 

CD. 

Suppose that the a c t i v a t i o n energy f o r the diffusion of t h i s ion 

i s E(on the average t h i s i s the same for a l l d i r e c t i o n s i n the g l a s s ) , then 

the ion must have energy equal 

to or greater than E^before i t 

can jump to another equilibrium 

position. From equation (1) 

the number of ions of energy 

greater than E i s 
.03 

and the f r a c t i o n a l number of such ions i s 
f t \ I I . 

r » 

L *-*. 
"00 

ft. 

pi. 
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The probability of one ion jumping to another equilibrium position i n unit 
time i s thus £ ^ t . 

I f an eleotriq f i e l d of i n t e n s i t y F i s applied to the l a t t i c e then 

the d i s t r i b u t i o n of potential i s how of the form shown i n Fig. 12. I n the 

direction of the f i e l d the b a r r i e r s are reduced by 

an amount equal to where C i s the 

ion i c charge and the distance from the 

equilibrium position to the saddle point.-
fie. 12. 

The probability of an ion jumping i n the direction of the f i e l d i s 

thus . _ 

4. AT 

and the probability of a jump i n a direction against the f i e l d 

e A T 

Therefore the t o t a l increased probability of a jump i n the f i e l d 

d i r e c t i o n i s 

e' 
r 

t: 
4, SJ 

For a l l normal f i e l d s i t i s found that fe<fS$* and equation 

(2) reduces to 

When a sodium ion with charge £ does move through a distance £ an 
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e l e c t r i c p o l a r i s a t i o n of fi.d i s obtained. I f "n n i s the number of sodium 

ions per unit volume then the current density 

Is n . Q.£. 4~fr. F±(f 

AT 

and the conductivity i s given by 

e i r 
<v.) 

I f ije are to regard t h i s expression as a prediction of the v a r i a t i o n 

of e l e c t r i c a l conductivity with temperature i t i s necessary to a s c e r t a i n the 

constancy of other terms as the temperature i s ' varied. 

Presumably n J " the distance between adjacent sodium ion s i t e s w i l l 

vary i n a manner s i m i l a r to thermal expansion, i . e . <Ps So0 * ^^"3 " This 

increase w i l l be r e l a t i v e l y small although there i s considerable evidence that 

the thermal expansion of glass increases considerably at temperatures above the 

usual range of measurement ( i . e . above the softening point). 

As was shown i n an e a r l i e r section, there i s reason for supposing that 

only a proportion of the sodium ions take part i n conduction at lower temperatures. 

I t has been sugsested that i i may vary according to 

- M - f 

' *• *C * T > where N i s the t o t a l number of ions. 

I n t h i s case our expression (4) w i l l s t i l l be of the form 

> 4 , . * " * . . . - - - - - - Cs.) 
with an a l t e r a t i o n to the value of the constants. 
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I t has also been suggested by Jost ( i n the case of ionic c r y s t a l s ) 
that the act i v a t i o n energy E* i s not constant but contains a l i n e a r term aT. 
I f such a term i s added to the power of the exponential 

•* Si. ° - £T the expression also reduces to the 

form of equation (5) with a new constant. 

or s fl-. JB." (T b' T J T 
T 

Then we conclude that equation (5) should give a reasonably accurate 

picture of conductivity-temperature relationship and go on to compare t h i s 

theoretical equation with p r a c t i c a l results. 

v 



EXPERIMENTAL VALUES FOR THE SPECIFIC RESISTANCE OF 
PYREX CHEMICAL RESISTANT GLASS. 

Introduction. 

.We w i l l i n t e r e s t ourselves i n the not inconsiderable temperature 

range from 0°C to 1200°C. The accepted value f o r the volume-resistivity 

of Pyrex at room temperature i s lO"^1" ohm^cms and t h i s value w i l l be assumed 

i n t h i s work as the necessary high-voltage equipment was not available to 

check t h i s figure. I t w i l l be noted, however, that t h i s i s the true volume 

r e s i s t i v i t y not -the surface r e s i s t i v i t y , as t h i s l a t t e r may be of much lower 

value at normal temperatures, and i s greatly dependent on r e l a t i v e humidity. 

The s p e c i f i c resistance of Pyrex has also been measured i n the 

temperature range from 500°C to 800°C (by J.F. S t i r l i n g , of these laboratories) 

and i t thus remains to measure the r e s i s t i v i t y from 800°C to 1200°C. 

An empirical law known by the names of i t s proposers Rasch and 

Hinrichsen predicts a s t r a i g h t - l i n e graph between the log. of the r e s i s t i v i t y 

and the reciprocal of the absolute temperature ( p<C ) , but several writers 

have shown that t h i s u s u a l l y holds for only small temperature ranges. As an 

example, figures w i l l be given for a b o r o s i l i c a t e glass (measurements made b y 

J.T. L i t t l e t o n ) where i t w i l l be seen that there i s considerable deviation 

from t h i s l i n e a r relationship at higher temperatures. Pyrex g l a s s a l s o does 

not accurately follow the law of Rasch and Hinrichsen and i t w i l l be shown that 

the equation (5) deduced from theoretical considerations i n the previous section 

gives much cl o s e r agreement with the observed r e s u l t s . 
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MEASIJRSMENT OF THE SPECIFIC RESISTANCE OP PYREX CHEMICAL 
RESISTANT GLASS IN THE REGION BOO - 1200"C. 

Apparatus and Method, 

Considerable modification of the"apparatus used at lower temperatures 

i s required, due mainly to ttie great reduction i n the v i s c o s i t y of the glass as 

the temperature r i s e s * The sample of glass must be completely contained i n ah 

in s u l a t i n g mould such that i t s shape does not a l t e r throughout the experiment* 

I t was decided to b u i l d a small thick walled f i r e c l a y crucible with a thermo­

couple embedded i n the w a l l and the glass held i n a c y l i n d r i c a l shape i n the 

centre* The lower electrode i s a sheet of - platinum ly i n g through the walls 

of the crucible and the upper electrode i s a heavy block of h e a t - r e s i s t i n g s t e e l . 

The glass sample i s placed i n the crucible i n the form of a short 

length of glass rod of s l i g h t l y greater length than the depth of the crucible'. 

The upper electrode i s placed i n position and the assembly put into the furnace 
o 

and brought up to 1000 C. At t h i s temperature the weight of the upper electrode 

forces the glass to take up the, exact shape of the crucible, any excess glass 

being squeezed out between the s t e e l and the f i r e c l a y . 

As shown i n F i g . 13 t h i s r e s u l t s i n the g l a s s being of s l i g h t l y 

different shape tofee i n t e r i o r of the crucible and the correction i s applied 

as follows: 

I f the resistance of the section A be P ohms and that of 
B, Q ohms then the measured resistance between the e l e c ­
trodes i s P + Q. I f /o i s the s p e c i f i c resistance 

then Q = and P - /* \ 
Tf R * r 

therefore P + Q = (/»L + / 2 i _ - ) 
( T H ? t f r 2 ) 

therefore p = _JL_±_JL 
- L 1 
rfR2 f T r 2 
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A f t e r the completion of the experiment the upper electrode was 
L 1' removed and 9 was found to be 1.91 whilst y was 0.03* 

P + 0 
Thus = _ •** and from the measured values of P + Q, 

1.94 
the r e s i s t i v i t y was determined at various, temperatures. 

The apparatus i s contained i n a Globar furnace where the heating 

occurs mainly by radiation from the elements l i n i n g the furnace roof. The 

thermocouple was embedded i n the crucible very near to the glass sample, and 

the thick walls of the c r u c i b l e together with the heavy s t e e l electrode pro­

vided s u f f i c i e n t lagging so that the temperature of the sample could "be slowly 

a l t e r e d by varying the ambient temperature of the furnace, which depended on 

the current passing through the Globar elements. This l a t t e r was regulated 

by means of an external rheostat, the maximum current being about 15 amps. 

Experimental Procedure. 

A c i r c u i t was set up as shown i n F i g . 14 so that both the applied 

voltage and the r e s u l t i n g current could be measured on a Universal Avo-meter. 

The source was a 7 volt transformer operating from,the mains and there were 

s l i g h t voltage fluctuations throughout the experiment. To overcome th i s the 

voltage was read immediately before switching over to take a current reading. 

A l l voltage measurements were taken with the transformer "on load", 

i . e . with the shorting switch closed. V7ith the A.C. source operating at 50 

cycles per second there was no evidence of any po l a r i s a t i o n phenomenon occuring. 

The apparatus was f i n a l l y adjusted and enclosed i n the furnace whose 

temperature was r a i s e d to 1050°C i n approximately 90 minutes. This temperature 

was maintained foylO minutes and a voltage current reading taken. The tem­

perature was then lowered at a rate of not more than 2B°C per minute to 1000°C, 
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a s e r i e s of voltage current readings being obtained* As the g l a s s was now 

entering into the temperature zone where d e v i t r i f i c a t i o n occurs the cooling 

rate was increased to 10 C per minute down to 800 C and then the g l a s s was 

r a p i d l y heated up to 1000° again. Readings of both voltage and current 

were now taken as the furnace temperature rose up to 1200°C. 

The furnace was allowed to cool overnight and the apparatus was 

then removed for examination. The upper electrode was removed and the . 

dimensions of the saiqsle were measured - thi s involved measuring the main 

cylinder of glass and also the "overflow" caused by the weight of the upper 

electrode. From these measurements a value of the s p e c i f i c resistance of 

Pyrex-brand glass was obtained at a l l temperatures between 800°C and 1200°C. 

Conclusion. 

The r e s u l t s obtained are shown on the graph i n F i g . 16, and i t w i l l 

be noticed that they bear great s i m i l a r i t y to those obtained by L i t t l e t o n f o r 

an unspecified b o r o s i l i c a t e glass. This l a t t e r must then be chemically s i m i l a r 

to the glass used. F i g . 17 gives the s p e c i f i c resistance at a l l temperatures 

up to 1200°C and F i g . 18 shows that the l i n e a r relationship proposed by Rasch 

and Hinrichsen i s c l o s e l y followed at low temperatures'. 

F i g . 19 shows the: excellent agreement between the observed^and the 

values calculated from the equation derived i n the previous section. This 

agreement holds good' from room temperatures up to nearly 1200°C. ' 

Occasionally workers i n t h i s f i e l d have found that a discontinuity 

occurs i n the log against graph at some temperature which was a r b i t r a r i l y 

described as a " t r a n s i t i o n " temperature. . However i t i s now generally accepted 
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that i f the temperature of any glass i s changed suddenly a period of time 
must elapse "before the properties of the glass take on the values appropriate 
to the new temperature, and th i s s t a b i l i s a t i o n period i s a reciprocal function 
of temperature. This phenomenon r e s u l t s i n the appearance of f a i r l y sharp chang< 
i n d i r e c t i o n of the graph of properties, such as e l e c t r i c a l r e s i s t i v i t y , against 
temperature. Such a transformation point has been shown to be due to the 
va r i a t i o n of s t a b i l i s a t i o n period and depends on the rate of heating and (Doling 
of the glass. L i t t l e t o n has shown that i f the heating rate i s gradually 
decreased, the discontinuity i n the curve disappears u n t i l eventually a curve 
t r u l y representative of the properties of the glass i s obtained. I t i s found 
that there i s a r e a l curvature present over any wide range of temperature's and 
the law of Rasch and Hinrichsen i s applicable only to small changes of tem­
perature. 
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THE DIELECTRIC PROPERTIES OF PTREX. 

I t i s generally appreciated that the study of the e l e c t r i c a l conduction 

processes i n glass i s of r e l a t i v e l y recent advent whilst for the greater part 

of the eighteenth and nineteenth centuries glass was considered a t y p i c a l i n ­

sulator with good insu l a t i n g properties. E a r l y e l e c t r o s t a t i c apparatus made 

considerable use of glass as an i n s u l a t i n g medium but the Leyden j a r (discovered 

i n 1745) was the f i r s t apparatus to make d i r e c t use of the high d i e l e c t r i c 

strength and d i e l e c t r i c constant of glass. 

I t was during experiments on the charge and discharge of Leyden 

j a r s that F r a n k l i n ( i n 1748) f i r s t - discovered any "anomalous" properties of 

d i e l e c t r i c s such as glass, but i t was not u n t i l the time of Hopkinson (c«1880) 

that any systematic study was made of t h i s phenomenon. Recently a very thorough ' 

investigation of the occurrence of absorption i n the charging of condensers with 

a g l a s s as the d i e l e c t r i c medium, and the appearance of r e s i d u a l charge, was 
t 

made by Guyer, Recent research shows that d i e l e c t r i c s can be c l a s s i f i e d into 

two main types, those where the anomalous charging current i s r e v e r s i b l e and 

those where-1 at l e a s t part of t h i s charging current i s not apparent on discharge. , 

Glasses are generally of the f i r s t type, the current flowing during charge 
( a f t e r the f i r s t large Maxwellian displacement current has' died down) being made j 

1 

up of two components, the true D.C. conduction current and the absorption current. 

On discharge there i s only the absorption 

current which decays i n a manner s i m i l a r 

to the decay for the charging current. 

The difference between the charging and 

discharging currents at any time should 

thus be a constant and equal to the 

conductivity current. 
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Other d i e l e c t r i c s are found to have an i r r e v e r s i b l e component i n 
the charging current which does not appear during discharge. 

Turning our attentions to the case where an alternating potential i s 

applied to the glass condenser ws f i n d that the anomalous charging current gives 

r i s e to an a l t e r a t i o n of phase angle between the applied f i e l d and the t o t a l 

current i n the condenser. As w i l l be seen l a t e r these anomalous properties 

give r i s e 'to an inphase component of current which causes power lo s s within , 

the material. The appearance of this "Siemans heat" was f i r s t noted by Siemans 

i n 186k i n ordinary e l e c t r i c a l condensers. Since t h i s time many workers have 

attempted to explain the phenomena of d i e l e c t r i c absorption ( c . f . Whitehead -

lec t u r e s on " D i e l e c t r i c Theory and I n s u l a t i o n " ) , and i n most'cases have linked 1 

i t intimately with the "anomalous properties discovered on applying D.C. potentials 

to a d i e l e c t r i c , i . e . r e s i d u a l charge, etc. 

I n some cases such explanations have been based on the behaviour of 

atoms or even electrons within the atom whilst the e a r l i e r theories were based 

on Maxwell's o r i g i n a l picture - the "double-layer" d i e l e c t r i c . I n accordance 

with the treatment of conduction e a r l i e r i n this work we w i l l hope to show that 

a l l the main properties (anomalous and otherwise) can be explained by using a 

s i m i l a r atomic picture of glass to that used previously. 

Fundamental Equations. 

Before any attempt i s made to obtain a t h e o r e t i c a l explanation of the 

known f a c t s concerning d i e l e c t r i c s i t i s necessary to indicate thefundamental 

equations on which the following work w i l l be based. 

4 
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The o r i g i n a l Maxwell theory was "based upon four equations whioh 
are applicable to an uncharged i s o t r o p i c medium and which i n t e r - r e l a t e the 
e l e c t r i c and magnetic f i e l d vectors^ with the e l e c t r i c and magnetic p o l a r i s a t i o n 
i n t e n s i t i e s and the e l e c t r i c current. 

I n a d i e l e c t r i c medium the Maxwellian displacement D i s given "by the 

sum of the e l e c t r i c f i e l d and the f i e l d due to the po l a r i s a t i o n , or separation 

of charge/ w i t h i n the d i e l e c t r i c . 

D = E + JtfTP where P i s the p o l a r i s a t i o n set up i n 

the materials. 

The f i r s t electromagnetic equation i s : div D = 0. 

Another equation involves the vector J , the current per unit area. 

I t i s usual to define two constants, the conductivity and the p o l a r i s a b i l i t y 

0̂  , of the medium, which are related to the applied f i e l d "by the equation 

P = ok E. 
6). 

J = cr E . 

I t has been found that these two properties, conductivity and p o l a r i s a b i l i t y 

are not independent of frequency as suggested by the Maxwell theory and i t w i l l 

be one object of the following treatment to explain t h i s v a r i a t i o n when the 

d i e l e c t r i c material under consideration i s g l a s s . 

For any given physical condition of the d i e l e c t r i c there i s another 

u s e f u l tensor defining the r a t i o between the t o t a l electrio'displacement' and the 

applied field,, t h i s i g the d i e l e c t r i c constant, k:- -: 

D = k.E. 

Thds from equation (1) 

k = 1 + 



I n t h i s equation * i s the large scale or macroscopic p o l a r i s a b i l i t y , 

and i t can he shown that t h i s i s not the same as the p o l a r i s a b i l i t y of a small 

c a v i t y ( f o r example, a sphere) within the material and, of course, i t would 

b&4;he l a t t e r which would govern the behaviour of a single atom or ion. I t 

can be shown that the necessary correction (the " l o c a l f i e l d " correction) i s 

of the form 

<* = n . ^ 
itJC 
3 

where i s the p o l a r i s a b i l i t y of a single ion or atom where there are vx ions 
per unit volume. The derivation of this equation involves the assumption that 

the "cavity" occupied by an ion i s spherical i n shape. 

A further observation to be made i s that i n iiaxwells equations there 

are two d i s t i n c t currents, 

The l a t t e r i s the p o l a r i s a t i o n current and i s out of phase with 

the applied f i e l d (when the l a t t e r i s a sinusoidal o s c i l l a t i o n ) by an angle 

of 90°. We can eliminate the l a t t e r by using a complex conductivity ^ where: 

&l a cr + jU> <*.. 

Then the current given by J = flrE i s the inphase current and i s 

instrumental i n causing power l o s s within the material. ^he po l a r i s a t i o n 

current, on the other hand i s at 90° to the f i e l d and does not contribute to any 

such energy absorption. 

Now we are i n a position to examine a c i r c u i t such as that i n fig., 21' 

where the current throughout i s continuous. I n the d i e l e c t r i c there are the 
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two types of current, conduction current 

and p o l a r i s a t i o n current. TTe w i l l see 

however, that on consideration of the 

io n i c and electronic movements which give 

r i s e to such currents i t i s no longer 

• -
* • -

• _ 

• -

_ VftLVf 
-O a—• to 

possible to asign/them causes whioh d i f f e r ^ ^ | ^ 

i n any physical respect other than the phase angle "between these currents and 

the applied f i e l d . This movement of e l e c t r i c charges within the material involves 

the setting up of polarisation "by the po l a r i s a t i o n current, hut the to t a l current 

flowing i s a function of the movement of the io n i c charge and the resolution of th i s 

displacement current into inphase and out of phase components i s quite a r b i t r a r y . 

The displacement current i s , of course, at r i g h t angles to* the a c t u a l 

displacement Vector 
L, «t gLT> 

and i n a general case t h i s displacement vector w i l l not be inphase with the f i e l d E. 

I t i s convenient to use an Argand diagram to denote the phase of the 

various vectors concerned. I n the case of a condenser with capacity C and zero 

conductivity an applied voltage E (the rms value of E 0.oos wt) causes a current 

I to flow through the condenser where I i s the rms value of I e .cos (wt + -^-)« 

The current vector leads the voltage vector by an angle T£ • The magnitude of 

the current i s given by 

or by using the vector notation 

and the n j " operator we denote the phase difference of 90° by saying I = jEwC. 
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Hbwever, i n a l l known d i e l e c t r i c s the resultant current leads the 

voltage by an angle ^ , where 

T T 
This current can he resolved into an inphase and out of phase com­

ponent, the l a t t e r w i l l "be the i d e a l charging current and the former the con­

duction current. I t i s invariably found that the inphase component of current 
x 

i s greater than would he accounted f o r by normal D.C. conductivity, and t h i s 

excess which (being an inphase current) w i l l contribute to further power l o s s 

within the material, i s c a l l e d the d i e l e c t r i c l o s s current. There seems to 

be. l i t t l e doubt that t h i s d i e l e c t r i c l o s s i s the same phenomena as the anomalous 

charging current previously discussed i n connection w i t h d i e l e c t r i c absorption. 

This absorption current gives r i s e to an increase i n both components as shown 
r Xp „ B la 

i n Pig. 22. i 
I = charging current, c 
I p = d i e l e c t r i c l o s s current. -r 

I = D.C. conductivity current. 
R 

I = Absorption current. 
XL 
The presence of I , causes an increase of A 

CB i n the inphase and-AC i n the out of phase currents. 

Glass as a D i e l e c t r i c . 

Returning now to our atomic structure of g l a s s which we consider to 

consist of an i r r e g u l a r l a t t i c e structure of s i l i c o n and oxygen ions. I n the 

case of Pyrex glass there are also a number of boron ions, small and incompressible 

and also a smaller number of much larger (but more compressible) sodium ions which 

l i e i n pockets of the l a t t i c e . At normal temperatures a l l the ions possess given 
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amounta of thermal energy as expressed by laws of the k i n e t i c theory, but 

the l i k l i h o o d of any ion moving away from i t s equilibrium position and pen­

etrating the surrounding potential b a r r i e r i s r e l a t i v e l y small. We have seen 

that on the application of an e l e c t r i c f i e l d to such a l a t t i c e the sodium ions 

are more l i k e l y to jump b a r r i e r s and cause a current to flow than any of the 

other ions, and we can assume that the resultant forces tending to hold an ion 

to i t s equilibrium position are smaller.in the case of the sodium ions. When 

we now come to consider the possible causes of the anomalous d i e l e c t r i c properties 

which are possessed by most glasses at room temperature we could not assume that 

the sodium ions w i l l again play the major r o l e were i t not f o r the known f a c t 

that "low-alkali g l a s s e s " are notably l e s s susceptible to d i e l e c t r i c l o s s than 

glasses with an appreciable sodium content. Pyrex brand g l a s s has a very low 

conductivity at room ^temperature but the d i e l e c t r i c l o s s i s much greater than 

i n the case of some insulators. I f we regard the volume conductivity,as 

negligible, then only a negligibly small number of ions w i l l a c t u a l l y jump 

from t h e i r i n t e r s t i t i a l positions. The currents associated with the d i e l e c t r i c 

properties of the glass must then be due to the movement of charged ions within 

the l a t t i c e . As the sodium ions are i n general more loosely bound and w i l l 

hence be l i k e l y to move further than other ions under the application of a 

uniform e l e c t r i c f i e l d , i t i s probably that the d i e l e c t r i c displacement current 

i s made up mainly of sodium ion movement. However, as no ion a c t u a l l y breaks 

free from the bonds holding i t to i t s equilibrium position i t i s not v i t a l l y 

necessary to s t i p u l a t e which ions are concerned. 

I t i s necessary at t h i s point to recognise' three parameters intimately 

connected with the movement of ions within the l a t t i c e . Each ion besides being 

endowed with charge "e" also has a mass "m", and thus on application of an e l e c t r i c 

f i e l d displays i n e r t i a . The ion i s also acted upon by a number of fo r c e s the 
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effect of which i s to keep the ion o s c i l l a t i n g about the same equilibrium 

position* When the ion undergoes displacement i n an e l e c t r i c f i e l d we w i l l 

assume the retaining force tending to hold the ion to i t s equilibrium position 

to do so according to Hooke's Law. Suppose the force per unit displacement i s 

" f w e ar§ now in, a position to define the equation of motion of the ion under an 

applied alternating f i e l d . I t w i l l be found that the expression i s similar to, 

that obtained by Lorentz f o r the motion of electrons displaced by an e l e c t r i c 

f i e l d from theif» normal position - and by using such a picture Lorentz was able 

to explain the phenomena of absorption and dispersion i n insulators. I n th i s 

l a t t e r treatment i t i s found necessary to stipulate an a r b i t r a r y " f r i c t i o n a l term", 

a function of the.velocity of the, moving electron. 

There i s no doubt that at o p t i c a l frequencies' t h i s type of electronic 

po l a r i s a t i o n w i l l occur and the Lorentz theory gives an adequate explanation of 

anomalous properties without resort to quantum mechanics. However, we must now 

decide what other types of pola r i s a t i o n can possible occur i n the glassy state 

at frequencies below the opti c a l range. 

Pyrex chemical glass transmits rays of wavelength up to 2.8^*, where 

* there i s an absorption band. There i s further transmission up to 3»3^*j but 

ffrom t h i s wavelength throughout the entire infra-red spectrum there i s complete 

absorption. I t . i s generally assumed that i n thisregion the incident e l e c t r o ­

magnetic radiation i s setting up forced vibrations of certain ions with respect 

to the ionic l a t t i c e , and the f a c t that a l l wavelengths greater than 3«3̂ *» are 

absorbed indicates that the structure of glass i s f a r more complex than, say, 

ce r t a i n c r y s t a l s which have transmission bands i n the f a r infra-red. 
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Turning now to the longer electromagnetic radiations of "radio" 

frequency, we f i n d that most glasses are considered f a i r l y t y p i c a l d i e l e c t r i c s 

at normal temperatures. Any absorption bands must be due either.to ions or 

ion i c aggregates of much greater mass or much smaller force constant than 

those giving r i s e to infra-red absorption. We w i l l see shortly that an ab­

sorption peak occurs at frequency \p0 , where' 

J™, 
CO 

where m i s the mass and f the force constant of the ion concerned. I t w i l l be 

remembered that of a l l the constituents of Pyrex glass, the sodium ions are more 

loosely bound than any other. Thus the force per unit displacement w i l l be l e s s ' 

f o r the sodium ions, and i t may be that the displacement of these ions i s the 

major causes of d i e l e c t r i c absorption i n the radio frequency spectrum. 

I t i s now necessary to lookfbr further possible types6f p o l a r i s a t i o n 

which could occur i n a glassy structure. This i s of p a r t i c u l a r importance i n 

view of the f a c t that there i s reason to believe that the relaRation frequency, 

u>9 f for one p a r t i c u l a r type of polarisation l i e s at the very lowest e l e c t r i c a l 

frequency, of the order of only a few cycles per second. That t h i s could be due 

to ionic displacement i s hardly credible as the force constant would have to be 

so very much l e s s than i n the case of those ions causing absorption at infra-red 

frequencies. 

The occurence of dispersion caused by molecular dipoles has been 

studied by Debye and the following argument shows that there i s something akin 

to a dipole i n the random network of ions i n a glass. Let us consider one 

pa r t i c u l a r sodium ion A carrying unit positive charge, this ion i s held at 
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ft. 2$, 

i t s equilibrium position by the forces of 

repulsion and a t t r a c t i o n of neighbouring 

ions. I f we regard the dotted c i r c l e 

i n Pig. 23 as representing the "sphere of 

influence" of ion A then a l l the other ions 

i n t h i s c i r c l e are responsible f or the above 

forces acting on A. These other ions w i l l 

be intiie main either s i l i c o n ions ( S i * * * * ) or oxygen ions (0 ) • I n order that 

the complete random l a t t i c e be e l e c t r o s t a t i c a l l y neutral there must be two oxygen 

ions for every siliconjand " h a l f " an oxygen ion for every sodium ion. Thus i n 

the c i r c l e i n Pig. 23 there w i l l be oxygen atoms to neutralise the s i l i c o n ions 

plus s u f f i c i e n t to neutralise the sodium ion A. I t i s suggested that the d i s ­

tribution of the negative ions concerned w i l l not n e c e s s a r i l y be symmetrical within 

this unit although i t i s neutral e l e c t r i c a l l y . Thus t h i s i o n i c c l u s t e r w i l l have 

a f i n i t e dipole moment. The t o t a l e l e c t r i c moment over the entire volume of glass 

i s zero, but on the application of a f i e l d of i n t e n s i t y E, an ionic,: c l u s t e r whose 

dipole moment i s M w i l l experience a couple C, .given by C s EM 

when lying at an angle & to the f i e l d . 

I n an alternating f i e l d t h i s dipole w i l l o s c i l l a t e , the amplitude 

depending on the applied frequency and the physical properties of the cl u s t e r . 

I t seems probable that the natural frequency of vibration would be considerably 

l e s s than that of a single ion owing to the greater i n e r t i a of the complete 

cl u s t e r . ' Thus at frequencies mueh lower than i n the case of io n i c p o l a r i s a t i o n 

i t i s possible to pass through a t r a n s i t i o n region where a type of po l a r i s a t i o n 

(dipple) ceases to occur. 



Having enumerated the possible 1 causes of e l e c t r i c a l p o l a r i s a t i o n 

we can now discuss the e f f e c t of these phenomena on the d i e l e c t r i c properties, 

with p a r t i c u l a r reference to frequency v a r i a t i o n . I t w i l l be remembered that 

the Maxwell theory gives no account of the v a r i a t i o n of d i e l e c t r i g constant 

•with frequency. At frequencies i n the radio band any ele c t r o n i c displacements 

w i l l occur instantaneously and there w i l l be only negligible phase difference 

between the applied f i e l d and the movement of the electrons, For the present 

we w i l l only consider the type of ionic or dipole movements previously mentioned. 

When r e f e r r i n g to the mass of an ion and the restoring force constant " f " i t w i l l 

b e ^ o m ^ i n mind that these quantities can r e f e r equally to l i n e a r i o n i c displace­

ments and to angular rotation of an equivalent dipole. I n the l a t t e r case 

" f n i s defined as the restoring torque per unit displacement and "m? i s the 

moment of i n e r t i a . 

Derivation of D i e l e c t r i c Constant i n stgady f i e l d . 

I f an applied f i e l d E displaces an ion (charge e) by an amount x. 

then E e = fx* 

The polarisation P associated with t h i s displacement i s Nex where N 

i s the number of ions per unit volume. 

From the equation T> v & + ^-TTP 

we have 2> = £ + WIN A ot . * £ 

and d i e l e c t r i c constant k s / + ^MfNfc1 

When the applied f i e l d ( a t ) a l t e r n a t i n g E s h0 Cos tot. 

the polarisation may or may not be set up depending on fee frequency w. 



On d e r i v i n g t h e e q u a t i o n o f m o t i o n o f a g l a s s y i o n i n a n a l t e r n a t i n g 

f i e l d i t w i l l be seen t h a t t h e phenomena i s one o f f o r c e d v i b r a t i o n . A t v e r y 

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

T 
t h e i o n w i l l move w i t h t he f i e l d , t h e r e w i l l be no a p p r e c i a b l e l a g g i n g a n d t h e 

p o l a r i s a t i o n w i l l a t t a i n i t s f u l l v a l u e . 

I f t h e a p p l i e d f r e q u e n c y i s i n c r e a s e d t o u ) 0 ^ t , we w o u l d e x p e c t t h e 

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

i n f i n i t e v a l u e . Q u i t e o b v i o u s l y t h e maximum a t t a i n a b l e a m p l i t u d e f o r a n y i o n 

i s l i m i t e d b y t h e p r e s e n c e o f n e i g h b o u r i n g i o n s . I n h i s t h e o r y o f a b s o r p t i o n 

L o r e n t z was a l s o f a c e d w i t h t h i s p r o b l e m i n so f a r as ' i t a f f e c t e d t h e m o t i o n 

o f e l e c t r o n s , a n d he a r b i t r a r i l y added a f r a c t i o n a l ter ra p r o p o r t i o n a l t o t he 

v e l o c i t y , t o t h e e q u a t i o n o f m o t i o n . A l u c i d a c c o u n t o f the d e v e l o p m e n t o f 

t h i s t h e o r y i s g i v e n b y S e i t z ( M o d e r n T h e o r y o f S o l i d s ) b u t t h i s w o r k i n v o l v e s 

o n l y t h e m a c r o s c o p i c p o l a r i s a b i l i t y w i t h o u t t h e l o c a l f i e l d c o r r e c t i o n . On t h e 

o t h e r hand H . A . W i l s o n ( M o d e r n P h y s i c s ) d e r i v e s a n e x p r e s s i o n g i v i n g t h e t r u e 

p o l a r i s a b i l i t y o f a c h a r g e d p a r t i c l e c o n s t r a i n e d u n d e r H o o k e ' s l a w f o r c d s i n 

an a l t e r n a t i n g f i e l d . The d i e l e c t r i c c o n s t a n t i s g i v e n b y 

T h i s i n v o l v e s no " f r i c t i o n a l term 1?, and a t r e s o n a n c e , f = mw^ and the f o r m u l a 

no l o n g e r h o l d s . 

A more c o r r e c t p i c t u r e o f t he a m p l i t u d e l i m i t i n g c o n d i t i o n s i s . 

p r o b a b l y o b t a i n e d b y a s suming t h a t t h e i o n moves i n S . H . M . , t h r o u g h i t s e q u i l ­

i b r i u m p o s i t i o n b u t as i t r e aches t h e e x t r e m i t y o f i t s m o t i o n t h e . f o r c e c o n s t a n t 

" f i n c r e a s e s c o n s i d e r a b l y . The i o n s w i l l n o t o s c i l l a t e i n S . H . M . , a n d t h e 

s o l u t i o n o f t h e e q u a t i o n o f m o t i o n when " f " i s made a f u n c t i o n o f t he d i s p l a c e m e n t 
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n x w , becomes c o m p l i c a t e d . 

R e c e n t l y , o t h e r w o r k e r s , have a t t e m p t e d t o s u b s t a n t i a t e t h e " f r i c t i o n a l 

t e r m " i n t h e L o r e n t z t h e o r y o f e l e c t r o n i c d i s p l a c e m e n t a n d have shown t h a t a 

l o w e r l i m i t t o t h i s t e r m c a n "be o b t a i n e d b y a s s u m i n g t h a t t h e f r i c t i o n on t h e 

o s c i l l a t i n g e l e c t r o n i s caused b y r a d i a t i o n d a m p i n g . The v a l u e o f t h i s t e r m 

c a n be o b t a i n e d f r o m c l a s s i c a l t h e o r y a l t h o u g h i t i s u s u a l l y f o u n d t h a t t h e 

damping caused b y r a d i a t i o n a t o p t i c a l f r e q u e n c i e s i s masked b y t h e much g r e a t e r 

damping caused b y c o l l i s i o n s . 

I n o u r case where we a r e i n t e r e s t e d i n t h e p e r i o d i c d i s p l a c e m e n t 

o f c h a r g e d p a r t i c l e s o f a t l e a s t a t o m i c d i m e n s i o n s t h e damping o f t h e f o r c e d 

v i b r a t i o n can be a s s i g n e d a l m o s t e n t i r e l y t o c o l l i s i o n s w i t h o t h e r i o n s . When 

s u c h a c o l l i s i o n o c c u r s t h e n a n i n t e r c h a n g e o f e n e r g y w i l l t a k e p l a c e , and on t h e 

w h o l e t h e p a r t i c l e s w h i c h a r e t h e m a j o r cause' o f t he i o n i c p o l a r i s a t i o n w i l l have 

g r e a t e r e n e r g y t h a n t h e s u r r o u n d i n g (more c l o s e l y b o u n d ) i o n s j i n t h e l a t t i c e , a n d 

t h u s w i l l t e n d t o g i v e u p e n e r g y t o t h e l a t t i c e i o n s . I n p a r t i c u l a r i f the 

s o d i u m i o n , o r some i o n i c c l u s t e r c e n t e r e d a r o u n d a s o d i u m i o n , i s v i b r a t i n g 

i n a n a l t e r n a t i n g e l e c t r i c f i e l d i t s e n e r g y o f v i b r a t i o n w i l l be g r e a t e r t h a n the 

c o r r e s p o n d i n g e n e r g i e s f o r the s i l i c o n and o x y g e n i o n s . Thus t h e r e , w i l l b e a 

c o n t i n u a l l o s s o f e n e r g y o n t h e p a r t o f the s o d i u m i o n s when c o l l i s i o n s w i t h 

t h e o t h e r l a t t i c e i o n s o c c u r . . T h i s a rgument j u s t i f i e s t h e i d e a o f a-, damping 

a c t i o n a n d i f we make t h e a s s u m p t i o n t h a t thfe m o t i o n o f a n i o n i n a n a p p l i e d 

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

t h e m o t i o n o f t he i o n . The f r i c t i o n a l f o r c e i s i n c l u d e d and made p r o p o r t i o n a l 

t o t h e v e l o c i t y . 

. yet* < f „ s - <L.eoe^b 
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and t h e s o l u t i o n i s 
Cfc 2. 

The c u r r e n t p e r u n i t a r e a i s f o u n d 

a n d t h e c o m p l e x c o n d u c t i v i t y 0 £ i s d e r v i e d f r o m 
- f -

01 

4 ^ * j r * -

The t r u e c o n d u c t i v i t y and p o l a r i s a b i l i t y can "be o b t a i n e d f r o m t h i s 

sL 

The a n g l e ^ r e p r e s e n t s t h e phase a n g l e "between t h e a p p l i e d f i e l d 

a n d t h e r e s u l t i n g i o n i c m o t i o n . 

The v a r i a t i o n o f CT9 <C a n d a r e shown i n F i g . 24, ufe i s t he n a t u r a l 

f r e q u e n c y o f v i b r a t i o n o f the i o n a n d i s g i v e n b y 
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• The d i e l e c t r i c c o n s t a n t A i s f o u n d t o d e c r e a s e w i t h i n c r e a s i n g 
f r e q u e n c y a n d i s u n i t y when ' *»» = **>ft 

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

c e r t a i n e x p e r i m e n t a l d a t a a l t h o u g h t h e r e i s v e r y l i t t l e d a t a a v a i l a b l e c o n - , 

c e r n i n g t h e d i e l e c t r i c p r o p e r t i e s o f P y r e x g l a s s o v e r s u f f i c i e n t l y c o m p l e t e 

f r e q u e n c y a n d t e m p e r a t u r e r a n g e s . 

A t l o w f r e q u e n c i e s t h e p o l a r i s a t i o n o f the m a t e r i a l a t t a i n s i t s 

maximum v a l u e due t o the movement o f t h e i o n "being p r a c t i c a l l y i n phase 

w i t h t h e f i e l d . The c u r r e n t a s s o c i a t e d w i t h t h i s d i s p l a c e m e n t l i e s v e c t o r i a l l y 

a t an a n g l e Jp- t o t h e d i s p l a c e m e n t i t s e l f and t h e r e f o r e t h e c u r r e n t i s a l m o s t 

e n t i r e l y w a t t l e s s . T h i s i s seen f r o m t h e f a c t t h a t t he i n - p h a s e c o n d u c t i v i t y . 

i s z e r o . The h i g h p o s i t i v e v a l u e o f t h e p o l a r i s a b i l i t y i n v o l v e s a l a r g e v a l u e 

f o r t h e d i e l e c t r i c c o n s t a n t . • 1 

As t h e a p p l i e d f r e q u e n c y i s i n c r e a s e d the d i s p l a c e m e n t ."begins t o l a g 

"behind t h e f i e l d , t h e phase a n g l e r e a c h i n g when «*>?u>0 • A t t h i s p o i n t 
2. 

t h e c u r r e n t due t o the d i s p l a c e m e n t i s e n t i r e l y i n phase w i t h the f i e l d a n d t h e 

l o s s e s ( g i v e n b y t h e c o n d u c t i v i t y ) a r e a. maximum. The p o l a r i s a b i l i t y i s 

z e r o and t h u s t h e d i e l e c t r i c - c o n s t a n t i s u n i t y . 

On i n c r e a s i n g t h e f r e q u e n c y s t i l l f u r t h e r t he phase a n g l e ( i n c r e a s e s 

a n d approaches the v a l u e 7 T " a s y m p t o p i c a l l y . A t t h i s s t age the a m p l i t u d e o f 

t h e f o r c e d v i b r a t i o n w i l l be d e c r e a s i n g a n d t h e d i s p l a c e m e n t c u r r e n t w i l l be 

l a g g i n g f u r t h e r b e h i n d t h e a p p l i e d f i e l d r e s u l t i n g i n d e c r e a s e d power l o s s e s . 

The p o l a r i s a b i l i t y i s now n e g a t i v e and the d i e l e c t r i c c o n s t a n t app roaches a 

l o w v a l u e . * 



-Vv-

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

p o l a r i s a t i o n . I n a c t u a l f a c t a t h i g h r a d i o f r e q u e n c i e s t h e p o l a r i s a t i o n due t o 

e l e c t r o n movement w i l l s t i l l he c o m p l e t e t h u s i n c r e a s i n g t h e d i e l e c t r i c c o n s t a n t . 

O n l y a t o p t i c a l f r e q u e n c i e s w i l l a b s o r p t i o n hands be caused b y e l e c t r o n p h e n ­

omena. Thus o v e r a n e x t r e m e l y l a r g e f r e q u e n c y s p e c t r u m t h e d i e l e c t r i c c o n s t a n t 

w i l l be e x p e c t e d t o v a r y as i n P i g . 25. 

A b s o r p t i o n maxima w i l l o c c u r a t t h e 

c e n t r e o f t h e c h a n g i n g zones as b e f o r e . 

The l o s s e s a r e seen t o depend 

u p o n t h e q u a n t i t y , t h e i n - p h a s e c o n ­

d u c t i v i t y . ' . I n n o r m a l p r a c t i c e t h e l o s s Co 

o c c u r r i n g i n a d i e l e c t r i c i s measured b y t h e l o s s a n g l e o f t h e m a t e r i a l 

The c o n n e c t i o n b e t w e e n 0" and f g a n be d e r i v e d as f o l l o w s . 

L e t t h e d i e l e c t r i c be p l a c e d 

b e t w e e n the p l a t e s o f a p a r a l l e l p l a t e 

c o n d e n s e r a n d l e t u s s u b s t i t u t e a p u r e 

c a p a c i t y C and p u r e r e s i s t a n c e R. 

c i r c a i t 

On a p p l y i n g a v o l t a g e V t o t h i s 

U -- v / u > < : . 

t h e r e f o r e ' "te^J** X e . / 

now i f cr i s t he c o n d u c t i v i t y t h e n K - _ 2 i -
a-R 

where d i s the t h i c k n e s s and A t h e a r e a o f t h i s c o n d e n s e r . A l s o 

where k i s the d i e l e c t r i c c o n s t a n t . 
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Tht tn t a n <f r * 

^n* . (6.) 
A s w i n c r e a s e s f r o m a f r e q u e n c y w e l l "below t o a f r e q u e n c y above a 

r e sonance p o i n t t h e v a r i a t i o n o f t a n S can be f o u n d b y c o m b i n i n g t h e v a r i a t i o n s 

o f w , k a n d cr g i v e n b y e q u a t i o n s (4) a n d (5). The g e n e r a l shape o f t h e ' t a n S 

- w c u r v e i s s i m i l a r t o t h a t f o r t h e 

v a r i a t i o n o f C w i t h f r e q u e n c y . 

The w h o l e s e r i e s o f changes ' t2u«uf / \ 

o c c u r r i n g i n d i e l e c t r i c p r o p e r t i e s c a n 

be i l l u s t r a t e d b y r e f e r r i n g t o t h e A r g a n d 

d i a g r a m o f P i g . 2 8 . A s <fi v a r i e s f r o m 0 t o TV due t o f r e q u e n c y v a r i a t i o n the 

v e c t o r A B swings r o u n d . The a m p l i t u d e i s p r o p o r t i o n a l t o t h e d i s p l a c e r a e n t 

c u r r e n t I . The c h a r g i n g c u r r e n t r e a c h e s a v a l u e a p p r o p r i a t e t o k = 1 when 

= 2 ^ and t h e i n p h a s e component i s a maximum. T h i s i s p r a c t i c a l l y the same 

f r e q u e n c y as w o u l d make t a n S a* maximum. 

T e m p e r a t u r e V a r i a t i o n o f D i e l e c t r i c P r o p e r t i e s . 

M o s t o f the f o l l o w i n g d i s c u s s i o n i f e i l l be b a s e d on t h e v a r i a t i o n o f 

t h e f o r c e c o n s t a n t " f " , w i t h t e m p e r a t u r e where t h i s t e r m r e f e r s t o t h e d i s ­

p l a c e m e n t o f the i o n o r d i p o l e c a u s i n g the (p redomina te^amount o f p o l a r i s a t i o n . 

T h i s v a r i a t i o n can be d i s c u s s e d i n t e r m s o f t h e modern t h e o r y o f s o l i d s . The 

f o r c e o f i n t e r a c t i o n b e t w e e n two a toms i s u s u a l l y q u o t e d as b e i n g made up o f a 

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

where r i s the i n t e r a t o m i c d i s t a n c e a n d a , 

b , x and y a r e c o n s t a n t s The i n d e x i n t h e d e n o m i n a t o r o f the r e p u l s i v e t e r m , 



1 
1 

I I 



• y " , i s g r e a t e r t h a n t h e i n d e x "x"« 

I t i s u s u a l t o assume t h a t i n t h e r andom l a t t i c e s t r u c t u r e a n y g i v e n i o n 

w i l l o s c i l l a t e a b o u t an e q u i l i b r i u m p o s i t i o n i n S . H . M . , where t h e f o r c e c o n s t a n t 

i s g i v e n b y t h e v e c t o r sum o f the r e a c t i o n s b e t w e e n i t and n e i g h b o u r i n g i o n s . 

O b v i o u s l y , h o w e v e r , t he se n e i g h b o u r i n g i o n s c a n n o t be c o n s i d e r e d t o be a t r e s t 

b u t w i l l t h e m s e l v e s o s c i l l a t e w i t h a m p l i t u d e s w h i c h a r e t e m p e r a t u r e dependen t . 

As t h e t e m p e r a t u r e i n c r e a s e s t h e n t h e a m p l i t u d e s o f a l l t he v i b r a t i n g a toms w i l l 

i n c r e a s e . T h e r m a l e x p a n s i o n w i l l be a c c o u n t e d f o r b y a s m a l l i n c r e a s e b e t w e e n 

t h e e q u i l i b r i u m p o s i t i o n s . The i o n 

u n d e r c o n s i d e r a t i o n w i l l how o s c i l l a t e 

w i t h g r e a t e r a m p l i t u d e due t o . i t s i n ­

c r e a s e d t h e r m a l e n e r g y b u t w i t h t h e 

g r e a t e r degree o f a p p r o a c h o f n e i g h ­

b o u r i n g i o n s and t h e r e s u l t i n g g r e a t e r 

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

t he r e s u l t a n t f o r c e s a c t i n g u p o n t h e 

i o n w i l l be i n c r e a s e d . 

© 

« :
 > 

As t h e r e l a x a t i o n f r e q u e n c y i s dependent on t h e t e r m " f " i t i s t o 

be e x p e c t e d t h a t t h e f o r m e r w i l l i n c r e a s e w i t h t e m p e r a t u r e as i h P i g . 29. 

f h u s t h e change i n d i e l e c t r i c c o n s t a n t 

w i l l o c c u r a t h i g h e r f r e q u e n c i e s " f o r 

h i g h e r t e m p e r a t u r e s . 

T h i s e f f e c t i s e n t i r e l y due 

t o v a r i a t i o n o f r e l a x a t i o n f r e q u e n c y 

r? 

utc « /—— where f i n c r e a s e s w i t h 

t e m p e r a t u r e . 

-> 
u» 
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However on t h e l o w f r e q u e n c y a i d e o f t h e r e l a x a t i o n f r e q u e n c y t h i s 

v a r i a t i o n o f f o r c e c o n s t a n t has the e f f e c t o f d e c r e a s i n g t h e v a l u e o f t he 

d i e l e c t r i c c o n s t a n t i f the t e m p e r a t u r e i s i n c r e a s e d due t o t h e appearance 

o f " f * i n t he D . C . e q u a t i o n 

* i 

The e f f e c t o f i n c r e a s i n g t h e 

t e m p e r a t u r e i s i l l u s t r a t e d , i n F i g . 3 0 , 

where ^ and t h e p e r m i t t i v i t y -

t e m p e r a t u r e c u r v e i s g i v e n i n F i g . 3-1. 

I n t h e s u c c e e d i n g s e c t i o n a n a c c o u n t i s 

g i v e n o f t he t e m p e r a t u r e v a r i a t i o n o f 

d i e l e c t r i c c o n s t a n t f o r P y r e x g l a s s . £ 

The shape o f t he c u r v e o b t a i n e d i s i n 

c l o s e agreement w i t h the p r e d i c t e d 
• i 

r e s u l t , and i s shown i n P ig .33 . 

f.<*x<ts 
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VARIATION OF DIELECTRIC CONSTANT OP PYREX 
BRAND GLASS WITH TEMPERATURE^ 

I n t r o d u c t i o n . 

The t h e o r e t i c a l d i s c u s s i o n i n c o r p o r a t e d i n t h i s w o r k r e q u i r e s a n 

e x p e r i m e n t a l i n v e s t i g a t i o n o f t he v a r i a t i o n o f S p e c i f i c I n d u c t i v e c a p a c i t y 

o f P y r e x w i t h i n c r e a s e i n t e m p e r a t u r e . 

The f o l l o w i n g e x p e r i m e n t d e s c r i b e s how t h i s was done u s i n g a 

s i m p l e f o u r - c o n d e n s e r "br idge e n e r g i s e d f r o m a l o w power 1 ,000 c y c l e s o u r c e w i t h 

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

A p p a r a t u s . 

The c i r c u i t o f t h e "br idge 

i s as s h o w n , C^ and O2 a r e moun ted 

o n t h e same s p i n d l e so t h a t as C^ 

i n c r e a s e s , C2 d e c r e a s e s , w h i l e C j 

and C^ a r e s t a n d a r d s . 

The C^ , C2 c o m b i n a t i o n 

i s c a l i b r a t e d f o r use w i t h C^ and 

so t h a t t h e v a l u e o f t he c a p a c i t a n c e o f the. spec imen ( i n p a r a l l e l w i t h C^ ) 

c a n be r e a d d i r e c t l y . The a p p a r a t u s o p e r a t e d s a t i s f a c t o r i l y and gave sha rp 

n u l l - p o i n t s , b u t i t was f o u n d t h a t a r e s i s t a n c e i n p a r a l l e l w i t h C ^ ( e v e n w i t h 

a v a l u e o f o v e r 1 0 , 0 0 0 ohms) caused a f l o w o f c u r r e n t t h r o u g h t h e d e t e c t o r 

when t h e c a p a c i t i e s were b a l a n c e d . T h i s m a d e i t h e n u l l p o i n t d i f f i c u l t t o o b t a i n 

and i f the n a g n i t u d e o f such a r e s i s t a n c e was l o w e r e d a p o i n t was r e a c h e d where 

r e a d i n g s were u n o b t a i n a b l e . 



As t h e c o n d u c t i v i t y o f t h e g l a s s i n c r e a s e s r a p i d l y w i t h t e m p e r a t u r e 

such a r e s i s t i v e component w i l l he e n c o u n t e r e d i n the e x p e r i m e n t when t h e 

t e m p e r a t u r e o f t h e g l a s s i s i n c r e a s e d a n d ^ t was f o u n d i m p o s s i b l e t o o b t a i n ' r e a d ­

i n g s w i t h t h i s a p p a r a t u s above 500°C. 

A n a t t e m p t was made t o b a l a n c e o u t t h i s c o n d u c t i v i t y c u r r e n t b y 

p l a c i n g a v a r i a b l e r e s i s t a n c e a c r o s s However , i t was f o u n d t h a t t h i s 

b a l a n c i n g o p e r a t i o n depended on the c a p a c i t y r a t i o o f C £ t o and an u n l i m i t e d 

number o f b a l a n c e p o i n t s c o u l d be o b t a i n e d . N e v e r t h e l e s s w i t h o u t u s i n g more 

c o m p l i c a t e d a p p a r a t u s t h e t e m p e r a t u r e r a n g e f r o m room t e m p e r a t u r e up t o 500°C 

was i n v e s t i g a t e d . 

The l e a d s f r o m e i t h e r s i d e o f were t a k e n t h r o u g h t h e r e f r a c t o r y 

d o o r o f a s m a l l e l e c t r i c f u r n a c e t o t h e spec imen o f P y r e x g l a s s . The l a t t e r 

measured 8 cms. x7.6 cms. and was .203 ons t h i c k . The o p p o s i t e s u r f a c e s were 

c o a t e d w i t h s i l v e r b u r n i s h p a i n t w h i c h was t h e n b a k e d a t 600°9 t o r e n d e r i t 

c o n d u c t i n g . The l e a d s were t h e n b r o u g h t i n t o f i r m m e c h a n i c a l c o n t a c t w i t h t h e 

two s i l v e r e d s u r f a c e s . 

M e t h o d . 

The c a p a c i t a n c e o f t h e l e a d s was f o u n d t o be 6 m i c r o - m i c r o f a r a d s and 

, t h i s q u a n t i t y was s u b t r a c t e d f r o m a l l subsequen t r e a d i n g s . A chrome 1 - a l u m e l 

t h e r m o c o u p l e was a r r a n g e d t o l i e n e a r t o t h e e l e c t r o d e s and was c o n n e c t e d t o 

a Cambr idge r e c o r d e r g i v i n g t h e t e m p e r a t u r e i n °C t o + 5 ° C . 

R e a d i n g s o f the c a p a c i t y were t a k e n w i t h i n c r e a s i n g a n d d e c r e a s i n g 

t e m p e r a t u r e s up t o abou t 5 0 0 ° 0 , and t h e r e s u l t s o b t a i n e d a r e shown on t h e 

accompanying , g r a p h , f i g . 33. To c a l c u l a t e the d i e l e c t r i c c o n s t a n t i t was 



-50-

n e c e s s a r y t o o b t a i n the t h e o r e t i c a l vacuum c a p a c i t y o f ' t h e e l e c t r o d e s 
C s & fl_ where A = 8 x 7*6 - 60.8 s q . cms. 

d = . 2 0 3 cms. 

Thus when k = 1 , a ^ 6 ° * 8 * 23.8 e . s . u . = 2 3 , 8 = 2 6 . 5 / M * ? . 

4TT.203 9 x I D " x / 

Measured v a l u e o f C a t 2 0 ° C = 125 i* F . 

125 
T h e r e f o r e k = — = 4.72. 

26.5 = s s r 

The r e s u l t s o f t h e e x p e r i m e n t show a n i n c r e a s e i n d i e l e c t r i c c o n s t a n t 

o f P y r e x g l a s s f r o m 4 .7 t o 1 2 o v e r t h e t e m p e r a t u r e range 0°C t o 4 0 0 ° C , a t a 

f r e q u e n c y o f 1000 c . p . s . I t w i l l h e seen t h a t s u c h a n i n c r e a s e i s e x p e c t e d 

f r o m t h e p r e c e d i n g t h e o r y . F r o m F i g . 31, i t w o u l d h e e x p e c t e d ' t h a t £ a ) l o w e r 

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

(maximum on t h e l o s s a n g l e - t e m p e r a t u r e c u r v e ) w i l l o c c u r a t l o w e r t e m p e r a t u r e s . 

Thus a t . room t e m p e r a t u r e t h e r e s o n a n c e f r e q u e n c y f o r t h i s p r e d o m i n a n t t y p e o f 

p o l a r i s a t i o n must o c c u r a t a f r e q u e n c y w e l l b e l o w the above 1000 c . p . s . I n t h i s 

c o n n e c t i o n i s q u o t e d a r e s u l t o b t a i n e d b y H o p k i n s o n . A t a f r e q u e n c y o f 7»3 o . p . s . 

t h e c a p a c i t y o f a g l a s s c o n d e n s e r was f o u n d t o be a p p r o x i m a t e l y t w i c e w h a t i t was 

a t a f r e q u e n c y o f 100 c . p . s . A l s o , t h e c u r v e i n F i g . 34 shows t h a t a l l t h e 

a v a i l a b l e d a t a r e c o r d s a dec rea se o f power f a c t o r w i t h f r e q u e n c y a t room t e m p e r a t u r e 

f o r P y r e x g l a s s . T h i s s u g g e s t s t h a t t h e r e l a x a t i o n f r e q u e n c y a t r o o m t e m p e r a t u r e s 

i s w e l l b e l o w t h e 50 c . p . s . , t h i s l a . t t e r b e i n g the l o w e s t f r e q u e n c y f o r w h i c h d a t a 

i s a v a i l a b l e . 
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CONCLUSION. 

R e f e r r i n g a g a i n t o F i g . 34, i t i s seen t h a t v e r y c o n s i d e r a b l e d i s ­

c r e p a n c i e s o c c u r b e t w e e n t h e r e s u l t s o f d i f f e r e n t w o r k e r s . I n d i s c u s s i n g t h i s 

p o i n t , M o r e y ( " P h y s i c a l P r o p e r t i e s o f G l a s s " ) s u g g e s t s t h a t t he d e v i a t i o n i s 

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

t e m p e r a t u r e v a r i a t i o n d u r i n g t h e e x p e r i m e n t , a n d e x p e r i m e n t a l e r r o r i n measu re ­

ments c o n c e r n i n g t h i s l o w - l o s s g l a s s . Howeve r , i t i s d i f f i c u l t t o a c c o u n t f o r 

s u o h w i d e d i s a g r e e m e n t b y a n y o r a l l o f t h e s e sou rce s o f e r r o r , and r e c o u r s e 

must be had t o the p o s s i b i l i t y t h a t t h e g l a s s was i n d i f f e r e n t s t a t e s when u s e d 

b y t he v a r i o u s e x p e r i m e n t e r s . " I t i s now g e n e r a l l y b e l i e v e d t h a t when g l a s s i s 

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

e l a p s e b e f o r e t h e a t o m i c s t r u c t u r e t a k e s on p r o p e r t i e s a p p r o p r i a t e t o t he new 

t e m p e r a t u r e . T h i s s t a b i l i s a t i o n p e r i o d i s g r e a t l y dependent on the v i s c o s i t y ' 

o f t he g l a s s and w i l l p r e s u m a b l y v a r y i n a ' s i m i l a r manner t o t h e o r d i n a r y v i s c o s i t y . 

Thus i f a sample o f g l a s s i s s t a b i l i s e d a t 600°C b y r e m a i n i n g a t t h i s t e m p e r a t u r e 

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

a t 2fO0°c. I t i s more t h a n l i k e l y t h a t d i f f e r e n t p i e c e s o f g l a s s w h i c h have b e e n 

a n n e a l e d a n d a r e s t r a i n - f r e e f r o m the m a c r o s c o p i c p o i n t o f v i e w when c o o l e d down 

t o r o o m t e m p e r a t u r e , may v a r y a c c o r d i n g t o the s t a t e o f s t a b i l i s a t i o n w h i c h has 

b e e n a c h i e v e d i n each sample . A t e m p e r a t u r e i s r e a c h e d on c o o l i n g a g l a s s where 

c e r t a i n p r o p e r t i e s o f t h e a t o m i c l a t t i c e a r e f r o z e n i n , a n d on c o o l i n g , the g l a s s 

w i l l s t i l l behave i n a manner dependent on t h e e x t e n t t o w h i c h s t a b i l i s a t i o n t o 

a r e l a t i v e l y l o w t e m p e r a t u r e s t a t e has b e e n a c h i e v e d . 

W h e t h e r t h i s q u e s t i o n o f p r e v i o u s h e a t t r e a t m e n t o f t h e g l a s s w i l l 

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

t h e f a c t t h a t a l l . d i e l e c t r i c p r o p e r t i e s a r e seen t o be v e r y c l o s e l y connecte .d 
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w i t h the structure of glass i s good reason f o r presuming thermal h i s t o r y 

to be of importance i n a discussion of d i e l e c t r i c propert ies. 

Recent invest igat ions using other d i e l e c t r i c materials has shown 

that re laxa t ion frequencies f o r important types of po la r i sa t ion occur a t 

very low frequencies. Future researchmight w e l l be applied to a study 

of the d i e l e c t r i c propert ies of a glass at low power frequencies and would 

presumably add to exist ing, knowledge i n the two f i e l d s of d i e l e c t r i c theorj' ' 

and hypotheses of the structure of .glass. 
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