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I 

1. Introduction 
The programme of work f o r t h i s thesis was o r i g i n a l l y to 

study the thermo-electric properties of Sn02, with possible energy 

conversion applications i n mind. The programme started i n November 

1962, with the only previous work at Durham on SnO^ having been the 

demonstration a few months e a r l i e r of the f e a s i b i l i t y of single c r y s t a l 

growth. 

For about the f i r s t year the work followed three l i n e s : c r y s t a l 

growing, conductivity measurements and o p t i c a l transmission measurements. 

The l a t t e r was started to learn something of the band structure, and 

developed in t o being the main part of the work. The e l e c t r i c a l measure

ments, which were not showing good results due to nonwroproducibility, 

were taken over by another research student, D.F. Morgan, who also 

took over an increasing f r a c t i o n of the c r y s t a l growing e f f o r t . 

At the s t a r t of the work the l i t e r a t u r e on SnC^ was not large, 

and consisted mostly of t h i n f i l m work. This reflected the main 

applications of SnÔ  which had been as t h i n f i l m resistors and transparent 

conducting f i l m s . I t was probably the good conductivity of these 

(doped) f i l m s that led most authors i n the l i t e r a t u r e , and ourselves 

at f i r s t , to too great a reliance on semi-conductor theory worked out 

f o r elemental and I I I - V semi-conductors, rather than theory developed 

fo r ionic materials such as the a l k a l i halides. In our case this was 

probably reinforced by the semi-conductor orientation of the department, 

and i t was only realised a f t e r about 2? years that polaron effec1j(which 

arise from the i o n i c i t y ) are c r u c i a l to the i n t e r p r e t a t i o n of many of 



the properties of SnO^. Since s t a r t i n g the work many more papers on 

SnOg have been published, many of them on single crystals. During t h i s 

period polaron theory, also, has made major advances which have f a c i l i t a t e d 

the i n t e r p r e t a t i o n of several properties of SnC^. 

Compared wit h , say, s i l i c o n or germanium both the amount of 

work.on and the understanding of the properties of, SnO_ i s s l i g h t . 

As mentioned above, the i o n i c i t y of SnOg means that new theories, or 

strongly modified ones, are required, and so i t i s perhaps not surprising 

that much remains to be learnt about SnOg. I t i s hoped that this 

thesis i s a contribution to the understanding of SnO?. 

The organisation of the thesis i s not perfect, p a r t l y due to 

the order i n which the sections were actually w r i t t e n . The general 

layout, however, i s that background theory i s i n chapter two, theory 

s p e c i f i c a l l y developed f o r SnC^ ( t h i s includes drawing on experimental 

results) i s i n chapter three, experimental methods are i n chapter four, 

results are i n chapter f i v e , i n t e r p r e t a t i o n i n chapter six and a short 

discussion in:chapter seven. For some purposes i t may be best to follow 

a topic from chapter to chapter; f o r example the absorption edge i s 

considered i n 2.5, 3.5» 5.1 and 6.1. 

A more complete set of references to work on Sn0o i s contained 

i n Morgan (1966 C). 



2.1 Semi-conductor Theory 

The basis of semi-conductor theory i s the band theory of 

solids which i s dealt with i n many text books. There are two complemen

tary ways of q u a l i t a t i v e l y understanding how the bands arise. 

The f i r s t i s the t i g h t binding approach, i n which the indi v i d u a l 

atoms i n a s o l i d are f i r s t considered to be separated by large distances. 

Each atom w i l l then have i t s own electron levels; these levels have 

been extensively studied by means of opt i c a l and X-ray atomic spectra. 

As the atoms are brought closer together the energy levels become s p l i t 

by "resonance", i . e . the wave functions overlap s l i g h t l y and electron 

states of the whole system can be formed by mixing the atomic wave 

functions with many d i f f e r e n t phase combinations. These d i f f e r e n t l y 

mixed wave functions have s l i g h t l y d i f f e r e n t energies. To take the 

simplest case, i f two atoms with equivalent wave f u n c t i o n s a n d V g 

are brought together to form a diatomic molecule then the two possible 

states, Y A + and -H^ w i l l have d i f f e r e n t energies. The number 

of combined states i n a s o l i d of N i d e n t i c a l atoms i s N per o r i g i n a l 

l e v e l , so each level has been broadened int o a 'band' of N states. 

To be a true eigenstate of the system each wave must be orthogonal to 

a l l others; i.e.^y n ^ m d r = o . Bloch showed i n 1928 that f o r a large 

s o l i d a l l states must have a p e r i o d i c i t y , which can be characterised 

by a wave vector k . The energy levels of the states are then usually 

thought of i n k space. I f the same states are not to be considered 

twice, 1c must be r e s t r i c t e d to the f i r s t B r i l l o u i n zone. This i s a 

region around k = o on whose boundary the states k and - £ are i d e n t i c a l . 



On a c r y s t a l axis t h i s boundary i s given by k = where a i s 
a 

the l a t t i c e vector f o r that axis. The t i g h t binding approach i s 

most useful when the atomic electron overlap i s not very large^such 

as f o r ionic solids and f o r the core electrons of a l l solids. These 

b<ttids are f a i r l y narrow, and for such bands a f i r s t approximation to 

the band shape i n ̂  space i s a cosine wave with a period 2TT , f o r Jj 
a 

along an axis. On t h i s s i m p l i f i e d picture k=o i s a minimum, because 

the 'velocity' of the electron i s zero. This model becomes more 

complicated when several atoms to a unit c e l l and degeneracy are 

considered. When the overlap i s large, producing wide bands, mixing 

of d i f f e r e n t atomic states i s very important. 

The second approach i s the "free electron" model. I n t h i s 

the electrons are f i r s t considered to be free p a r t i c l e s i n a large 

box. The wave functions are 3 t i l l periodic i n nature and so can be 

represented i n k_ space. They form a parabola centred on k=o. I f 

the electrons are not quite free but are moving i n the periodic 

potential produced by the atomic cores, then the states f o r small k_ 

are not much affected. I f , however, k i s comparable to an i n t e g r a l 
multiple ofXT', then the electrons are " d i f f r a c t e d " by the l a t t i c e , a 
I t can be shown that the effe c t of this i s to lower or raise the 

energy of the states according to whether k i s j u s t less or more than 

an i n t e g r a l multiple of " J . The gradient of E i s zero at these zone 
a 

boundaries. This i s shown i n f i g . 1. Gaps are thus created 

i n the energy spectrum. The f i r s t gap occurs at the boundary of 

.the f i r s t B r i l l o u i n zone, and, as mentioned above, states outside 



J 

'- I. ̂  -j 



t h i s zone can also be represented inside i t . This i s achieved for 

k on an axis and"^ < k^2Tf by subtracting 2JJ , and s i m i l a r l y for "~ a a" a 
other states. The r e s u l t i s shown i n f i g . 2. I t can be seen that 

a band maximum can occur at k = o (This i s not so easy to show with 

the t i g h t binding model). 

We can now understand the difference between metals, 

insulators,semi-conductors and semi-metals. I f there i s an odd number 

of electrons per u n i t c e l l (not per atom), then the material i s a metal. 

This i s because i f spin degeneracy i s included each band holds 2N 

electrons, and so every band cannot be either completely f u l l or empty. 

I f the number of electrons per u n i t c e l l i s even, the material 

can s t i l l be a metal i f the relevant bands overlap i n energy. These 

materials are often referred to as semi metals. I f , however, the 

material contains only f u l l or empty bands, then i t i s either a semi

conductor or an insulator. More subtle distinctions between the two 

are possible, but the simplest i s to consider materials with a large 

band gap as insulators and smaller band gaps as semi-conductors. 

Two distinguishing features of semi-conductors are that 

especially f o r pure material the (low) conductivity rises rapidly with 

temperature, and that their e l e c t r i c a l properties are very strongly 

dependent on small quantities of impurities. The reason f o r the 

l a t t e r can be seen most easily by considering a su b s t i t u t i o n a l impurity 

which has one more electron and nuclear charge than the atom i t replaces. 

The extra nuclear charge w i l l cause bound states to be formed from the 

conduction band which w i l l be situated i n the forbidden gap. These 

states w i l l somewhat resemble hydrogenic states except that the coulomb 



a t t r a c t i o n at large distances i s modified by a d i e l e c t r i c constant 

of the material, and the electron does not have i t s free mass but an 

"ef f e c t i v e " mass (see below). To maintain overall e l e c t r i c a l 

n e u t r a l i t y there must be an extra electron i n the v i c i n i t y . At low 

temperatures t h i s i s l i k e l y to be i n the lowest bound state, but at 

higher temperatures i t i s l i k e l y to be "free". I f there are several 

impurities these "free" electrons w i l l d r a s t i c a l l y change the e l e c t r i c a l 

conductivity and the absorption of l i g h t i n the 1 .R. 

The term "effective mass" was mentioned above. I n the 

free electron model, which can be applied most d i r e c t l y to atoms or 

ions with a band corresponding to the f i r s t electron outside a f u l l 

s h e l l of the periodic table, the f i r s t approximation i s f o r the lowest 

minimum to have the free electron mass. The periodic potential of the 

cores may af f e c t even that mass, and the minima due to the d i f f r a c t i o n 

of electrons might well not even approximately have the free electron 

mass. * t i s , however, a general property that the minima and maxima 

are parabolic i n shape. When t h i s i s so, an eff e c t i v e mass can be 

defined. This can be applied both to electrons near the bottom of an 

empty band and to "holes" near the top of a f u l l band. I n group IV 

and i n I I I - V compounds bands are formed from electrons involved i n 

covalent bonding. This s i t u a t i o n i s not well covered by either the 

free electron or t i g h t binding models, and sometimes very small s f f e c t i v 

masses r e s u l t . 

The narrow bands that occur i n the t i g h t binding model 

correspond to large e f f e c t i v e masses because of the shallow curvature. 



I t seems to be a f a i r l y general property of valence 

bands that t h e i r maxima occur at (or near, i f a centre of symmetry 

i s absent) k=o. The reason for t h i s i s not clear to the author, 

but i t i s presumed to apply i n Sn02 i n this thesis. 

Electrons obey Fermi-Dirac s t a t i s t i c s because they belong 

to the class of p a r t i c l e that obey the exclusion p r i n c i p l e . This 

states that each state can only be occupied by at the most one 

electron. . ( i f spin i s ignored the number i s two). I f the 

electron and hole e f f e c t i v e masses are equal, then the p r o b a b i l i t y 

of a state being occupied at the edge of the forbidden band i n 

a pure semi-conductor i s 

1 
(+Ec ) „ 

the + i s f o r the conduction band and the - f o r the valence band. 

Eg i s the band gap. I t can be seen that i f Eg > ? kT the 

prob a b i l i t y of a conduction band state being occupied i s very 

small and the pro b a b i l i t y of a velence band state not being occupied 

i s equally small. Thus pure SnOg i s expected to be a very poor 

conductor at normal temperatures, but as the temperature rises the 

conductivity should r i s e very r a p i d l y . I n practise impurity effects 

w i l l mask t h i s a t lower temperatures. 



2.2 Phonons 

2.2.1 Basic Theory 

Qualitatiyely phonons can be approached i n several ways. 

One way i s to consider a large crystal of N un i t c e l l s , and (as i n 

Sn02) 6 atoms to a u n i t c e l l . To describe the position of a l l 

the atoms would then require 18N independent coordinates. I f the 

system i s li n e a r there w i l l then be 18N normal modes of vi b r a t i o n , 

i . e . modes without coupling to any other modes and therefore with 

a d e f i n i t e frequency of v i b r a t i o n . These normal modes are not 

the motions of ind i v i d u a l atoms because interatomic forces would 

couple them to t h e i r neighbours. Exactly what the normal modes are, 

depends on the details of the boundary conditions, but by arguing 

that the boundary conditions w i l l only have a minor e f f e c t , special 

boundary conditions are assumed f o r mathematical convenience. Normal 

modes i n the form of t r a v e l l i n g waves are then obtained. Each 

of these waves has a wave vector, k, and the density of modes i n 

k space i s uniform and proportional to N. The simplest types 

of mode are the acoustic modes, which form three sheets, or branches, 

i n k space. (They are sometimes degenerate). The acoustic modes 

for small k are merely sound waves, and a l l the atoms i n a u n i t c e l l 

move v i r t u a l l y as a body, with only s l i g h t overall compression or 

expansion. I f certain symmetry conditions are met, of the 3 acoustic 

branches, two are transverse and one i s long i t u d i n a l . A transverse 

mode has the atomic movement perpendicular to the direction of phase 

motion ( i . e . the direc t i o n of k) and a longitudinal mode has p a r a l l e l 

motion. 



As the value of k i s increased f o r the acoustic modes, 

the wavelength, equal to 2TT/k, becomes comparable to a un i t c e l l 

dimension. I f k i s along the a axis and equals "Tf+jC , then t h i s 
a" 

mode turns out to be i d e n t i c a l to the mode with k equal to - T T +X.. 
a 

This makes the number of modes f i n i t e . The t o t a l number of 

acoustic modes turns out to be 3N. Other phonon branches exist 

however, and these i n addition to the large scale motion indicated 

by k have a r e l a t i v e motion of atoms within the un i t c e l l . Of 

course a l l motions of a p a r t i c u l a r mode have the same frequency, 

as th i s i s a fundamental property of normal modes. The i n t e r n a l 

motion can only have (6-1)x3 =15 independent vairables; the -1 

corresponds to the position of a reference point and pan be thought 

of as the acoustic mode. Bach motion can be associated with any 

value of k , so these 15"optical" branches complete the 18N modes. 

(The motions may gradually change with changing k ) . An important 

property of these 15 branches i s that because of the i n t e r n a l motion 

they have a fi x e d non-zero frequency around k = o, whereas the acoustic 

modes tended l i n e a r l y to zero. 

I n many respects the phonon branches are likeele c t r o n 

bands i n the band theory of solids. As i n that theory^generally 

the branches become horizontal at the edge of the f i r s t B r i l l o u i n 

zone. This means, e.g., that at the energy where t h i s f l a t t e n i n g 

occurs, there i s a certain type of discontinuity i n the phonon density 

of states function against energy* In simple cases the o p t i c a l 
branches are comparatively f l a t , i . e . cover a r e l a t i v e l y small 



frequency range. I n many theories they are assumed to be f l a t . 

A l o t can be learnt by a study of the symmetry properties 

of o p t i c a l phonons. The 15 opt i c a l branches can each be given a 

symmetry type i n group theory. Prom th i s i t can be shown e.g. 

that only certain branches couple with I.R. radiation of the correct 

energy. (Each normal mode i s of course quantised i n units ofkuJ ). 

Also i n certain symmetry conditions a branch, or part of a branch, 

can be c l a s s i f i e d as transverse or long i t u d i n a l . I f t h i s can be 

done for a l l branches f o r a pa r t i c u l a r polarisation, then there 

are two transverse branches f o r every l o j i g i t u d i n a l branch. When 

th i s can be donej. the transverse branches are degenerate because 

the phase va r i a t i o n being perpendicular to the polarisation results 

i n there being no depolarising f i e l d . The frequency of these 

branches i s determined by atomic force constants. A condition f o r 

pure (I.R. active) longitudinal phonons i s that the d i e l e c t r i c 

constant should equal zero. This condition i s p a r t i c u l a r l y useful 

when there are several I.R. active phonons, and i s the basis of 

the phonon analysis used i n 3.2. 

2.2.2 S t a t i s t i c s 

Phonons obey Bose - Einstein s t a t i s t i c s , because any 

number of phonons can occupy a pa r t i c u l a r state, The phonon 

occupation number i s thus 

n = ] 
exp ( t\UJ /kT)-1 



2.2.3 Harmonic Approximation 

I f the system i s not linear, i.e. the harmonic approximation 

i s not valid classicly^the natural vibration frequencies depend on the 

amplitude of the vibration. This was studied by Cowley (1963) i n the 

a l k a l i halides, and shown to have a considerable smearing effect on phonon 

frequencies and to produce some absorption i n quite new parts of the spectrum. 

These effects are tentatively suggested as the cause of some phenomena 

discussed i n 3.2. 

2.3 Optical Constants 

2.3.1 Basic Constants 

There are several different optical constants which are used to 

describe the optical properties of a substance. Some of them are: the 

relative d i e l e c t r i c constant £, the conductivity <f, the complex refractive 

index n = n - i k , the absorption coefficient K, the reflection coefficient R. 

A l l of them depend on the angular frequency (fc, lor the free space wavelength 

^ ) , and there are certain relationships between them. In this section we 

shall derive some of these relationships, and give some properties of simplified 

models for dealing: with phonon absorption. Anisotropy w i l l also be dealt with. 

From the electromagnetic point of view the basic constants are C 

and6" . For isotropic media they are simply scalars, but for anisotropic 

media they are tensors. The solutions of Maxwell's equations are given i n many 

books, and the result of looking for a plane wave solution of the form 

o c 

(where V stands for either the electric or the magnetic f i e l d and c i s the vel

ocity of l i g h t i n vacuo) i s to obtain (n) 2=/u £ - i<F/u/ w £ 0 (=(n - i k ) 2 ) , (2«5«l) 



where i s t h e r e l a t i v e p e r m e a b i l i t y ( a l m o s t - 1 i n moat m a t e r i a l s ) and £ 0 

i s t h e d i e l e c t r i c c o n s t a n t o f f r e e space . Here € i s r e a l , b u t i n some cases a 

complex € i s used w i t h an i m a g i n a r y p a r t e q u a l t o - 0** , and t h e n ( n ) = 

Prom ( l ) we o b t a i n 

n 2 - k 2 = t 2nk ( 2 . 5 . 2 ) 

where we have p u t ^ u = 1 . k i s somet imes known as t h e a b s o r p t i o n i n d e x . 

( 2 . 5 . 2 ) can be s o l v e d f o r n and k i n t e r m s o f t , <T and u) . I n f r e q u e n c y 

2 

r a n g e s where k i s s m a l l , n i . 

A b s o r p t i o n measurements most c o n v e n i e n t l y measure t h e a b s o r p t i o n 

c o e f f i c i e n t , K , d e f i n e d as t h e r e c i p r o c a l o f the d i s t a n c e i n w h i c h t h e e n e r g y 

i n t h e wave f a l l s by a f a c t o r o f e . K i s r e l a t e d t o k by 

K = 2u>k = 4 i r k 
c X 

2 . 5 . 2 R e f l e c t i o n 

R e f l e c t i o n i s i m p o r t a n t i n a b s o r p t i o n e x p e r i m e n t s , i n t e r f e r e n c e 

e x p e r i m e n t s and i s s p e c i f i c a l l y measured t o h e l p o b t a i n o p t i c a l c o n s t a n t s i n 

h i g h l y a b s o r b i n g r e g i o n s . 

The r e f l e c t i o n and t r a n s m i s s i o n c o e f f i c i e n t s f o r e n e r g y a r e u s u a l l y 

r e p r e s e n t e d b y R and T, and f o r a m p l i t u d e by r and t where r and t may be 

c o m p l e x . R = r r * and T = t t * where * means complex c o n f u g a t e . R e f l e c t i o n 

c o e f f i c i e n t s may be f o u n d by a p p l y i n g a p p r o p r i a t e b o u n d a r y c o n d i t i o n s . We 

a r e m o s t l y conce rned w i t h s u r f a c e s t h a n a r e n o r m a l t o t h e t r a v e l l i n g waves , 

and f o r t h i s case f o r a s i n g l e s u r f a c e be tween two m e d i a , one o f w h i c h i s f r e e 

s p a c e , we have 

R = ( n - 1 ) 2 * k 2 ( 2 . 5 . 3 ) 
( n + T F + k 2 

I f t h e f r e e space i s r e p l a c e d by a n o n - a b s o r b i n g media o f i n d e x n \ 
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t h e n n and k I n (2 .3*3) must be d i v i d e d by n . For two a b s o r b i n g media the 

e x p r e s s i o n i s more c o m p l i c a t e d . ( 2 . 3 . 3 ) f o r m s a f a m i l y o f c i r c l e s o f 

c o n s t a n t E o n a n n ve rsus k g r a p h , and these a r e drawn on p . 6 o f Moss ( l 9 6 l ) . 

2 . 3 . 3 I n t e r f e r e n c e 

Because l i g h t i s composed o f e l e c t r o m a g n e t i c waves w h i c h possess phase 

as w e l l as magn i tude , two o r more waves can i n t e r f e r e , t h a t i s i n c r e a s e o r 

reduce i n t e n s i t y depending on t h e i r phase r e l a t i o n s h i p . I t i s t h e e l e c t r i c 

and magnet ic f i e l d s wh ich add o r s u b s t r a c t , and t h e energy , ( o r i n t e n s i t y ) , 

v a r i e s as t he square o f t h e f i e l d a m p l i t u d e s . I t f o l l o w s t h a t , e . g . , two waves 

when i n t e r f e r i n g can have f o u r t imes the i n t e n s i t y o f a s i n g l e one . 

Two o r more w a v e f r o n t s c o i n c i d e when l i g h t i s passed t h r o u g h a 

medium w i t h two p a r a l l e d s u r f a c e s . We a re most i n t e r e s t e d i n the s i m p l e case 

when t h e r e i s a i r on b o t h s i d e s . L e t t h e a m p l i t u d e r e f l e c t i o n c o e f f i c i e n t 

f o r a s i n g l e s u r f a c e f o r l i g h t pa s s ing o u t o f the medium b e ^ , , and t h e 

t r a n s m i s s i o n c o e f f i c i e n t be t t . L e t t h e c o r r e s p o n d i n g c o e f f i c i e n t s f o r 

l i g h t pa s s in g i n t o t h e medium b e v - 0 and t ^ , and l e t t he t o t a l r e f l e c t i o n 

and t r a n s m i s s i o n c o e f f i c i e n t s o f t he f i l m as a whole b e Y a n d t . Because 

o f boundary c o n d i t i o n s we have 

v 1 = - v 2 = ^ i , * i - l + Y i . t 2 = 1 + r 2 s 3 l - Y " l 
n + l 

The phase change on one t r a v e r s a l o f the f i l m i s 



2 nd c o ^ <̂> 

where d i s t h e t h i c k n e s s o f t h e medium and ^ i s t h e a n g l e o f 

i n c i d e n c e . T h e r e f o r e v and t can be o b t a i n e d as an i n f i n i t e s e r i e s , 

w h i c h can t h e n be summed. Hence f o r a n o n - a b s o r b i n g f i l m 
i -

~ ~ 2 -216 
1 e 

and s i m i l a r l y 

t = ( l - V * ) e - i < r 

1 - 1 e 

The e n e r g y c o e f f i c i e n t s a r e 

T = t t = ( 1 - V ) 

1 - * 1 
4 2 0 . f 2 * 3 , 4 

1+ V . - 2 V 4 o<r5 o 

R = 1 - T 

I t can be seen t h a t i f 6 =N TT ( i . e . 2nd C*>* <^ =N )s ) 

t h e n T = 1 . I f <f = ( N + £ ) TT , T . = P - V 2 ) . I f 2 Y \ a « 1 , ( 2 . 3 . 
max ° m i n ( ^ 7 ^ ? ) 1 

T v a r i e s a p p r o x i m a t e l y s i n u s i o d a l l y w i t h X ^ , b u t o t h e r w i s e t h e 

peaks a r e sha rp and n a r r o w and t h e v a l l e y s a r e b r o a d , f l a t and w i t h 

s m a l l T . I n SnO_ n * 2 , so V , = 7 T . = .64 and t h e s i n u s o i d a l 11 2 1 ' ) m m 

a p p r o x i m a t i o n i s f a i r . An i n t e r e s t i n g i n d i c a t i o n o f how good t h e 



I ? 

a p p r o x i m a t i o n i s , i s o b t a i n e d by l o o k i n g a t t he average t r a n s m i s s i o n f o r 

1 - Y - 2 

u n r e s o l v e d f r i n g e s . T h i s i s 1 , and f o r n = 2 t h i s eaua l s 0 . 8 , w h i l e 

Trmax+ T .min = 0 . 8 2 . 
2 

W i t h a n i s o t r o p i c c r y s t a l s the i n c i d e n t l i g h t i s be s t t hough t o f 

as b e i n g r e s o l v e d i n t o two components w i t h p o l a r i s a t i o n s p e r p i n d i c u l a r t o each 

o t h e r and r e l a t e d t o t h e o p t i c axes o f t he c r y s t a l . These two components 

can then be cons ide red t o produce independent i n t e r f e r e n c e p a t t e r n s whose 

i n t e n s i t i e s a re f i n a l l y added t o g e t h e r . The o n l y e x c e p t i o n t o t h i s o c c u r s 

when some o p t i c a l a n i s o t r o p y occurs i n the pa th o f t h e l i g h t a f t e r t he 

c r y s t a l , i n wh ich case a new s e t o f o p t i c axes may be d f i f i n e d and t h e two o r i g i n 

a l components may i n t e r f e r e . An example o f t h i s was observed and i s d i s cus sed 

i n 4 . 7 . 

2 . 3 . 4 I n t e r f e r e n c e I n c l u d i n g A b s o r p t i o n 

A b s o r p t i o n can be a l l o w e d f o r by m a k i n g 6 complex, e .g .^* + i p , where 

p = i Kd = 2 l T k d / * . 

We now o b t a i n 

(eP - r x
2 .-P) 2 + 4 s i n 2 

2k 
where t a n Hf = 

n 2

 + k 2 - l 

I f k « n , t h e f r i n g e c o n t r a s t , T max , i s / 1 + r i e } , and 
T m i n V i - r . V 2 ? '/ 

2 2 ~2B i f Y 1 « 1 , t h i s £ w l + 4 V n e~ r . I f n i s known t h i s can p r o v i d e a check on K and 

v i c e v e r s a . I f the f r i n g e s a r e n o t r e s o l v e d ( 2 . 3 . 5 ) averages o u t t o 



2 2Kd 
G e n e r a l l y k < < n f o r a b s o r p t i o n e x p e r i m e n t s , and o f t e i v R e~ < < 1 , I n 

2 2 &d 

t h a t case ( 2 . 3 . 6 ) becomes ( 1 - ) e~ . However t h e d e n o m i n a t o r 

i n ( 2 . 3 . 6 ) can s i g n i f i c a n t l y a f f e c t c a l c u l a t i o n s , and we r e t a i n e d i t 

f o r o u r d a t a a n a l y s i s . 

2 . 3 . 5 D i s o e j i o n T h e o r y 

Quantum m e c h a n i c a l t r e a t m e n t s ( e . g . N a z i e r e s and P i n e s 1958) 

Bhow t h a t c l a s s i c a l d i s p e r s i o n r e l a t i o n s can be r e t a i n e d w i t h o n l y 

m i n o r changes i n i n t e r p r e t a t i o n . These d i s p e r s i o n r e l a t i o n s show 

t h a t o p t i c a l c o n s t a n t s a r e n o t as i n d e p e n d e n t o f each o t h e r as 

m i g h t be i m a g i n e d . 

The c l a s s i c a l t r e a t m e n t s t a r t s «• by c o n s i d e r i n g a bound 

e l e c t r o n o s c i l l a t i n g a b o u t i t s e q u i l i b r i u m p o s i t i o n w i t h a n a t u r a l 

f r e q u e n c y ( j j c and w i t h damping r e p r e s e n t e d by g . By s o l v i n g t h e 

e q u a t i o n o f m o t i o n , t he complex d i e l e c t r i c c o n s t a n t i s f o u n d t o be 

( n - i k ) 2 = N e 2 / m f o +1 ( 2 . 3 . 7 ) 

G l Q

2 - t f + i H g 

where N i s t h e d e n s i t y o f e l e c t r o n s , m t h e e l e c t r o n mass a n d e t h e 

e l e c t r o n c h a r g e . ( 2 , 3 . 7 ) y i e l d s 

n 2 - k 2 - 1 = ( N e 2 / m 6 n ) 2 o - » 2 ) ( 2 . 3 . 8 ) 
( « Q

2 _ 4 > 2 j 2 + y 2 g 2 

and 2nk = ( N e 2 / < f , £ o , ) &>g 
r f e u 2 ) 2

+ < a 2

g

2 ( 2 . 3 . 9 ) 

S e v e r a l o s c i l l a t o r s l e a d t o a sum o f s i m i l a r t e r m s w i t h 

d i f f e r e n t (t&o, and i n quantum mechan ic s t h e r e a r e an i n f i n i t y o f 

s u c h terras because " f r a c t i o n s o f an e l e c t r o n a r e a l l o w e d " . Each 



o s c i l l a t o r c o r r e s p o n d s t o an a l l o w e d t r a n s i t i o n . The I . R . l a t t i c e 

phonon s p e c t r u m o f an i o n i c s o l i d i s r e p r e s e n t e d q u i t e w e l l by a 

sum o f such t e r m s , w i t h one terra f o r each I . R . a c t i v e phonon b r a n d h , 

t o g e t h e r w i t h a t e r m t o r e p r e s e n t t he e l e c t r o n i c a b s o r p t i o n . The 

l a t t e r p l u s u n i t y w i l l a p p r o x i m a t e t o € « o ^ l o o s e l y d e f i n e d as wha t 

t h e d i e l e c t r i c c o n s t a n t w o u l d be a t ze ro f r e q u e n c y i f t h e l a t t i c e 

a b s o r p t i o n d i d n o t e x i s t . 

The c o n t r i b u t i o n o f each o s c i l l a t o r t o t h e s t a t i c d i e l e c t r i c 

c o n s t a n t i s 

N e 2 f / m € o W o

2 ( 2 . 3 . 1 0 ) 

where j f i s t he f a c t o r , known as t he o s c i l l a t o r s t r e n g t h , i n s e r t e d 

t o a l l o w f o r " f r a c t i o n s o f an e l e c t r o n " , o r i n the case o f t h e I . R . 

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

w i t h t h e p a r t i c u l a r o p t i c a l phonon i n v o l v e d . ( 2 . 3 . 1 0 ) i s a l s o known 

as 4 TT p i n w o r k d e a l i n g w i t h t h e a n a l y s i s o f I . R . phonon s p e c t r a 

( e . g . i n 5 . 6 ) . 

Moss (1961) d e r i v e s a number o f p r o p e r t i e s o f ( 2 . 3 . 8 ) ' ( w i t h 

f a a - 1 added t o t h e R . H . S . ) and ( 2 . 3 . 9 ) . These p r o p e r t i e s a r e o f 

v a r y i n g a p p l i c a b i l i t y i n SnO^^ one o f t h e causes o f t r o u b l e b e i n g 

t h e m u l t i p l i c i t y o f o p t i c a l l y a c t i v e phonons . Two o f t h e p r o p e r t i e s 

a r e : -

( i ) W q i s t h e f r e q u e n c y f o r w h i c h 2 n k U ( t h e c o n d u c t i v i t y ) 

i s a maximum. 

( i i ) The maximum o f k , w h i c h i s more l i k e l y t o be measured 

t h a n 2 n k ( ^ , i s a t a f r e q u e n c y g i v e n a p p r o x i m a t e l y 

by QQ= 0 . 2 9 g . 



Moss s h o u l d bs c o n s u l t e d f o r f u r t h e r d e t a i l s . Even 

t h o u g h i n SnO^ the s i t u a t i o n i n t h e m a j o r i t y o f cases i s t o o 

c o m p l i c a t e d t o use many o f t h e s e p r o p e r t i e s i n a c c u r a t e w o r k , t h e y 

h e l p b u i l d up a q u a l i t a t i v e p i c t u r e . 

By g e n e r a l i s i n g ( 2 . 3 . 8 ) and ( 2 . 3 . 9 ) t o an i n f i n i t y o f 

o s c i l l a t o r s , and p e r f o r m i n g some m a t h e m a t i c a l m a n i p u l a t i o n , i t 

can be shown i n g e n e r a l t h a t Jfl. jus . t . i Q n S ' o p t i c a l " p a r a m e t e r o f an 

i s o t r o p i c s u b s t a n c e i s known a t a l l f r e q u e n c i e s , t h e n a l l t h e o t h e r s 

can be d e r i v e d . I n t u i t i v e l y t h i s r e s u l t i s somewhat s u r p r i s i n g 

because a t any one f r e q u e n c y two " o p t i c a l " c o n s t a n t s a r e r e q u i r e d 

t o d e f i n e t h e " o p t i c a l " p r o p e r t i e s . Moss ( 1 9 6 1 ) d e r i v e s a number 

o f such r e l a t i o n s . Perhaps the s i m p l e s t and most u s e f u l i s t h a t 

b e t w e e n r e f r a c t i v e i n d e x a t any p a r t i c u l a r f r e q u e n c y and a b s o r p t i o n 

a t a l l f r e q u e n c i e s : 

n - 1 = 1 
a 2 1 T 2 

where n a i s t h e r e f r a c t i v e i n d e x a t a w a v e l e n g t h % a « I n p r a c t i s e 

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

r a n g e . R e l a t i o n s such as ( 2 . 3 . 1 l ) can be u sed e . g . w i t h I . R . phonon 

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

phonon b r a n c h . 

Kd X ( 2 . 3 . 1 1 ) 



2 . 3 . 6 A n i s o t r o p y and D i s p e r s i o n T h e o r y 

A n i s o t r o p i c c r y s t a l s have d i f f e r i n g I . R . phonon s p e c t r a f o r 

d i f f e r e n t p o l a r i s a t i o n s . I n t h i s r e g i o n , i n c o n t r a s t t o t h e v i s i b l e , 

v e r y l a r g e a n i s o t r o p y can e x i s t , because f o r a c l a s s i c a l o s c i l l a t o r 

whose damping t e n d s t o z e r o , o p t i c a l c o n s t a n t s t e n d t o 0 o r o ? a t 

c e r t a i n f r e q u e n c i e s . 

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

s i t u a t i o n i s e a s i l y u n d e r s t o o d . I f t h e a x i s i s t he c a x i s t h e two 

p o s s i b l e p o l a r i s a t i o n s a r e d e g e n e r a t e and the s p e c t r u m shows t h e 

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

( o r b ) a x i s , t h e l i g h t i s s p l i t i n t o two components p o l a r i s e d p a r a l l e l 

t o the b ( o r a ) and c axes r e s p e c t i v e l y . The r e s u l t i n g s p e c t r u m i s 

t h e sum o f t h e s p e c t r a due t o t h e two componen t s . 

I n a u n i a x i a l c r y s t a l t h e r e a r e o n l y t h e two i n d e p e n d e n t 

s p e c t r a , and f o r p o l a r i s a t i o n n o t p a r a l l e l t o an a x i s t h e o p t i c a l 

p r o p e r t i e s can be d e r i v e d f r o m the o p t i c a l p r o p e r t i e s o f t h e two 

i n d e p e n d e n t d i r e c t i o n s ( t h e o p t i c a x e s ) . O b t a i n i n g t h e p r o p e r t i e s 

o f s p e c t r a i n v o l v i n g p r o p a g a t i o n n o t a l o n g an a x i s has l e d t o some 

c o n f u s i o n , as d i f f e r e n t approaches appea r t o g i v e d i f f e r i n g r e s u l t s . 

The q u e s t i o n i s f a i r l y i m p o r t a n t , because some i m p o r t a n t d a t a f o r 

SnC^ a r e t r a n s m i s s i o n s p e c t r a on f i l m s (presumed t o be w i t h o u t s p e c i a l 

o r i e n t a t i o n ) and r e f l e c t i o n s p e c t r a on m a t e r i a l o f u n c e r t a i n o r i e n t a t i o r 



n 

The w o r k o f Cochran and Cowley (1962) and Cochran ( l 9 6 5 ) 

i n d i c a t e t h a t w h a t e v e r t h e d i r e c t i o n o f t h e l i g h t wave, the o n l y 

d i s p e r s i o n ( r e s o n a n c e ) f r e q u e n c i e s ( i . e . 0 J Q i n ( 8 ) and ( 9 ) , o r t h e 

f r e q u e n c y f o r w h i c h 2nk becomes l a r g e ) a r e t he b a s i c d i s p e r s i o n 

f r e q u e n c i e s w h i c h show up f o r p o l a r i s a t i o n s a l o n g an a x i s . These 

f r e q u e n c i e s a r e r e l a t e d t o t h e i n t e r - a t o m i c f o r c e s . 

On t h e o t h e r hand s t a n d a r d o p t i c s t e x t books appea r t o 

c o n t r a d i c t t h i s . B o m and W o l f ( 1 9 6 5 ) equ 1 4 . 3 . 4 , ex t ended t o i n c l u d e 

a b s o r p t i o n b y 1 4 . 6 . 9 , shows t h a t one p o l a r i s a t i o n i s a l w a y s t h e s t a n d a r d 

o r d i n a r y w a v e , b u t t h e o t h e r has o p t i c a l p r o p e r t i e s g i v e n by 

2 2 1_ = cos 0 + s i n Q 

£ I T t" 

where € i s t h e complex d i e l e c t r i c c o n s t a n t o f a wave whose wave n o r m a l 

makes an a n g l e 0 w i t h t he c a x i s . I t can be seen t h a t when (zi o r t"^ 

a r e l a r g e , 6 i s m a i n l y d e t e r m i n e d n o t b y t h e l a r g e one b u t t he s m a l l 

o n e . Resonance f o r € t h e r e f o r e does n o t o c c u r a t t h e same f r e q u e n c i e s 

as f o r € j . o r €/, . Because the r e a l p a r t o f £ ^ o r €// can be n e g a t i v e , 

r e sonances o f £ can o c c u r , b u t a t f r e q u e n c i e s dependent on © . 

A t h i r d a p p r o a c h i s g i v e n b y Loudon (1964) who s t u d i e d t h e 

phonon s p e c t r u m . The a b s o r p t i o n a t r e sonance can be v i e w e d as the 

c r e a t i o n o f a ( p a r t l y ) t r a n s v e r s e p h o n o n . I n a u n i a x i a l c r y s t a l i n 

w h i c h t h e r e i s a s i n g l e o p t i c a l l y a c t i v e phonon f o r b o t h p a r a l l e l and 

p e r p e n d i c u l a r p o l a r i s a t i o n s , Loudon o b t a i n e d f o r t h e phonon f r e q u e n c i e s 

CO = CJ_i_ o r d i n a r y phonon 
1 2 and t h e s o l u t i o n s o f ( u)„ €,,., - t*> l e . . ) cos & + ( u ^ C ^ - u / ^ ) -.q 

( K - ' ^ ) < r v T ^ ) ( 2 # 3 - 1 2 ) 
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f o r t h e e x t r a o r d i n a r y phonons . <j j ; / and tOj a r e t he r e s p e c t i v e r e s o n a n t 

f r e q u e n c i e s and € and € a r e t h e l ow f r e q u e n c y and h i g h f r e q u e n c y 
s 

d i e l e c t r i c c o n s t a n t s r e s p e c t i v e l y . The two e x t r a o r d i n a r y phonons 

a r e i n g e n e r a l b o t h p a r t l y t r a n s v e r s e and p a r t l y l o n g i t u d i n a l , and so 

s h o u l d b o t h i n t e r a c t w i t h l i g h t . The s o l u t i o n s o f ( 2 . 3 . 1 2 ) v a r y w i t h © 

so t h e y appear t o c o n t r a d i c t Cochran and C o w l e y . An e x c e p t i o n t o 

t h i s w h i c h i s o f i m p o r t a n c e I91 SnOg i s when a phonon i s o p t i c a l l y 

a c t i v e f o r one p o l a r i s a t i o n b u t n o t f o r t h e o t h e r . I n t h i s case we 

e f f e c t i v e l y have fc5)/ = 6 ( / i n ( 1 2 ) . The " e x t r a o r d i n a r y phonon" 

s o l u t i o n s t h e n become Go = ( w h i c h i s p r e s u m a b l y p u r e l y t r a n s v e r s e ) 

a n d O J = VAU ( e,; c o t $ + £ u ) 2 

( fc// c o t 2 e + f i ) ( 2 . 3 . 1 3 ) 

( w h i c h i s p r e s u m a b l y p u r e l y l o n g i t u d i n a l ) . ( 2 . 3 . 1 3 ) v a r i e s c o n t i n u o u s l y 

f r o m o j j . t o Wj. k i i . as 0 v a r i e s f r o m 0 t o ^ 2 . T h i s w o u l d appea r t o 

ag r ee w i t h Cochran and Cowley and d i s a g r e e w i t h B o r n and W o l f . 

The a p p a r e n t d i f f e r e n c e s i n the r e s u l t s o f t he se app roaches 

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

wha t s i t u a t i o n each t h e o r y i s r e f e r r i n g t o . I n SnC^ t h e s e p r o b l e m s 

a r e most i m p o r t a n t when t h e c o n d i t i o n d e s c r i b e d a t t h e end o f t h e 

l a s t p a r a g r a p h a p p l i e s . I n t h i s s i t u a t i o n i t i s assumed l a t e r t h a t 

r e sonance o n l y o c c u r s a t t h e r e sonances f o r p o l a r i s a t i o n p a r a l l e l t o 

an a x i s . I t i s a l s o assumed t h a t t h e l o n g i t u d i n a l phonon f r e q u e n c i e s 

( L^L ) f w h i c h e s s e n t i a l l y o c c u r when € = o , v a r y w i t h t h e d i r e c t i o n 
o f t h e w a v e . T h i s seems t h e most r e a s o n a b l e a s s u m p t i o n , because t h e 
t r a n s v e r s e phonon f r e q u e n c i e s , i j j , a r e e s s e n t i a l l y d e t e r m i n e d b y 

T 

a t o m i c f o r c e s , w h i l e t he LO^ a r e d i s p l a c e d f r o m t h e because o f 

l o n g r ange coulomb f o r c e s . The s t e e p i n c r e a s e i n t h e r e f l e c t i o n 

s p e c t r u m o c c u r s a r o u n d ( j J T . 



2.1 

2 . 4 F ree C a r r i e r A b s o r p t i o n 

2 . 4 . 1 C l a s s i c a l T h e o r y 

The c l a s s i c a l f o r m u l a f o r f r e e c a r r i e r a b s o r p t i o n can be o b t a i n e d 

by c o n s i d e r i n g f r e e e l e c t r o n s as t he l i m i t i n g case o f bound e l e c t r o n s as 

t h e n a t u r a l f r e q u e n c y t ends t o z e r o . We now o b t a i n a p a i r o f e q u a t i o n s 

s i m i l a r t o ( 2 . 3 . 8 ) and ( 2 . 3 . 9 ) b u t w i t h ( j Q = 0 . We g e t 

n 2 - k 2 = - N e 2 / m * o + 6 ( 2 . 4 . 1 ) 

U + g

2 

2 
2nk = gNe /m€. o ( 2 . 4 . 2 ) 

/ 2 2\ tOJ + g J w 

g ( w h i c h e q u a l s w h e r e T i s a mean t i m e between c o l l i s i o n s ) 

e / ftA2) c a n be r e l a t e d t o t h e m o b i l i t y , y u , by g = and so becomes 

2nkW = N e / u 

4 ( l + ( 0 J /um/ ) 2 ) 

For e l e c t r o n s i n SnO^ i n t h e n e a r I . R . W ^ u m > e , so we g e t 

C 2 3 2 
4 tT c ft v y u c t 

2 
T h i s i s t h e w e l l known r e s u l t t h a t K v a r i e s as X. . 

From ( 2 . 4 . l ) we can d e r i v e what i s known as t h e p lasma f r e -

2 2 

q u e n c y , i . e . t h e f r e q u e n c y f o r w h i c h n - k = 0 . I t i s s i m i l a r t o O J ^ 

f o r l a t t i c e a b s o r p t i o n and shows t h e same s h a r p r i s e i n r e f l e c t i v i t y . I f 

g « ( * / , i t i s 

W P = J - ^ T T ( 2 . « f . 3 ) 

( 2 . 4 . 3 ) f ias been c a l c u l a t e d p u r e l y f r o m c l a s s i c a l c o n c e p t s . An a d d i t i o n a l 



a s s u m p t i o n was t h a t t h e l i f e t i m e , x , was i n d e p e n d e n t o f e n e r g y . The 

•d l a s s i ca l approach can be extended a l i t t l e f a r t h e r by assuming V<* E + ^ 

where E i s the e l e c t r o n energy and p i s a c o n s t a n t depending on the 

s c a t t e r i n g mechanism. I f t h i s i s done , and the c a r r i e r s a re n o t degener 

a t e , a ma thema t i ca l c o n s t a n t f a c t o r has t o be i n s e r t e d i n t o (3). I n some 

c i r c u m s t a n c e s , d i s cus sed be low, f o r o p t i c a l phonon s c a t t e r i n g p = + % 

and the c o n s t a n t f a c t o r i s 1.13. For i o n i s e d i m p u r i t y s c a t t e r i n g p = + / 2 

and the f a c t o r i s 3.4. 

F o r o p t i c a l phonon s c a t t e r i n g ( i n the cont inuum a p p r o x i m a t i o n ) 

the e l e c t r o n - p h o n o n i n t e r a c t i o n v a r i e s as 1_ where k i s t he phonon wave 

k 2 

v e c t o r . I f t h e energy , E , o f an e l e c t r o n i s l a r g e compared w i t h t h e 

o p t i c a l phonon energy , t hen the average phonon wave v e c t o r f o r phonon a b -

s o r p t i o n o r phonon e m i s s i o n v a r i e s as E 2 and the d e n s i t y o f s t a t e s v a r i e s 
JL 1 

as E 2 , The p r o b a b i l i t y o f s c a t t e r i n g t h e r e f o r e v a r i e s as E ~ and ~t as 

E t(so t h a t p = T ) . I f t he e l e c t r o n energy i s n o t l a r g e compared w i t h 

T \ O J 4 , t hen b i g d i f f e r e n c e s o c c u r between phonon e m i s s i o n and a b s o r p t i o n , 

and i n a d d i t i o n the a v e r a g i n g o f the phonon wave v e c t o r s i s more complex. 

A r e q u i r e m e n t f o r c l a s s i c a l t h e o r y t o a p p l y i s t h a t t he photon 

energy i s s m a l l compared w i t h k T , i . e . t h a t t he a c t o f a b s o r b i n g a pho ton 

does n o t s i g n i f i c a n t l y change the p o s i t i o n o f an e l e c t r o n i n the t h e r m a l 

d i s t r i b u t i o n . Bassey (19 C'- ) showed t h a t f o r some types o f s c a t t e r i n g t h e 

e r r o r s i n t h e c l a s s i c a l approach a re v e r y s m a l l up t o s e v e r a l kT and a l s o 

t h a t c l a s s i c a l t h e o r y i s t r u e f o r degenera te m a t e r i a l : , i f t h e photon 

energy i s s m a l l compared w i t h Ep, t he h e i g h t o f the Fermi l e v e l above the 

band edge. 

2 . 4 . 2 . P e r t u r b a t i o n Theory f o r O p t i c a l Mode S c a t t e r i n g 

When the c l a s s i c a l c a l c u l a t i o n does n o t a p p l y , i t m i g h t be 



p o s s i b l e t o use second o r d e r p e r t u b a t i o n t h e o r y , w h i c h r e q u i r e s L J t » 1 . 

I f phonons a r e i n v o l v e d , b o t h phonon e m i s s i o n and phonon a b s o r p t i o n must 

be c o n s i d e r e d , and the e l e c t r o n can i n t e r a c t f i r s t w i t h e i t h e r t h e phonon 

o r t h e p h o t o n . T h i s means t h e r e a r e 4 p r o c e s s e s t o be c a l c u l a t e d . 

These c a l c u l a t i o n s have been done f o r o p t i c a l mode s c a t t e r i n g 

by V i s v a n a t h a n (196O) and G u r e v i c h , Lang and P i r s o v ( 1 9 6 2 ) . The r e s u l t i s 

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

s i m p l i f i e s i n c e r t a i n l i m i t i n g ca ses . V i s v a n a t h a n o b t a i n s f o r \ ( U» - ^ j ) 

>> kT (where (J i s t h e p h o t o n f r e q u e n c y ) . 

K = 4jr J2 H g l / l - 1 \ / eVkT^ + 1 \ / 1 - 4 + 11 ^ 
p 

where we have changed t h e n o t a t i o n a l i t t l e ( and c o r r e c t e d t h e o m i s s i o n o f 

t h e square r o o t s i g n f o r m ) and p = fcw/kT. E x a m i n a t i o n shows, h o w e v e r , t h a t 
. 1 

( 4 ) i s o n l y t r u e i f w>>vA>Lf and t h a t a more a c c u r a t e r e s u l t , a s suming ( uJ-Un.X*' 

x exp 

K = 4 J L Jg N e 4 l \ - 1' 
nc 3 * L , 

T / [Kind 
\ VL ( 1 - / e \ k T 7 + 1 \ ( 1-4 + 11 

W V «r^) 

The f a c t o r (1 - ^ 2 can be checked b y c o m p a r i n g G u r e v i c h , Lang and F i r s o v ' s 

s i m i l a r e q u a t i o n ( 2 7 ) . I t i s i m p o r t a n t even when T = Of when the l a s t 

b r a c k e t e q u a l s u n i l y , G u r e v i c h , Lang and F i r s o v a l s o p l o t t h e i r r e s u l t s 

i n t he r ange and 



o b t a i n an i n t e r e s t i n g peak i n n K . These c a l c u l a t i o n s a r e o n l y v a l i d 

f o r t h e e l e c t r o n - p h o n o n c o u p l i n g c o n s t a n t ( see 2 . 7 )* ( « 1, a l t h o u g h 

one m i g h t hope t h e y w i l l s t i l l be f a i r l y a c c u r a t e f o r ot ~ 1. 

( V i s v a n a t h a n a p p l i e d h i s r e s u l t s t o t h e I I I - V compounds, f o r w h i c h 

1 ) . 

2 . 4 . 3 . P e r t u r b a t i o n T h e o r y f o r I m p u r i t y S c a t t e r i n g 

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

i m p u r i t y s c a t t e r i n g , f o r c e r t a i n e n e r g y r a n g e s . The r e s u l t o f most 

a p p l i c a t i o n i n SnO^ i s 

K = 81? Ne Z 2 e 6 ( l - e ^ ) j . TT 7 if S) 

3*^3 r A : \> w 5»\ ( 2 IT m * k T ) 2 £ 2 

a l t h o u g h i t w o u l d n o t s e e n n s t r i c t l y $o a p p l y f o r l a r g e UJ , 

v 2 4 * 
when u ^ . Z e m . Here Ze i s t h e cha rge on an i o n i s e d i m p u r i t y , N i 

T P " 

i s the number o f i o n i s e d i m p u r i t i e s and Ne t h e number o f e l e c t r o n s 

i n t h e b a n d . V i s v a n a t h a n does n o t d e f i n e e x a c t l y wha t d i e l e c t r i c 

c o n s t a n t £ i s , b u t i t w o u l d seem t h a t when the p h o t o n e n e r g y i s 

l a r g e compared vri . th t he i m p u r i t y R y d b e r g , R ^ c . f . 2 . 6 ) , t h e n t h e 

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

seem t o be v a l i d f o r c o m p a r a t i v e l y l o w v a l u e s o f Ne, because no 

a c c o u n t appea r s t o have been i taken o f s h i e l d i n g o f t h e i o n by o t h e r 

e l e c t r o n s . 

O p t i c a l m'ode and i m p u r i t y s c a t t e r i n g a re t h e two mos t l i k e l y 

mechanisms i n SnO,,. 

2 . 4 . 4 . P o l a r o n E f f e c t s 

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

o p t i c a l mode i n t e r a c t i o n i s s t r o n g , and t h e c o u p l i n g c o n s t a n t ds 1, 



t h e n the i n t e r a c t i o n can no l o n g e r be h a n d l e d by c o n s i d e r i n g s e p a r a t e 

s c a t t e r i n g e v e n t s i n phase space b y u s i n g the Bol tz raan e q u a t i o n . 

P o l a r o n p r o p e r t i e s ( see 2 . 7 ) can l e a d t o r e sonances , as i s shown 

by P l a t z m a n (1963) • H i s f i g . 6 3hows t h a t f o r C< = 3 t h e ^ t 1 a r e 

n o t i c e a b l e humps i n the a b s o r p t i o n , w h i l e h i s f i g . 7 f o r c< = 5 shows 

c o n s i d e r a b l e p e a k s . 



2 . 5 . Band t o Band A b s o r p t i o n 

The a b s o r p t i o n c o e f f i c i e n t f o r a b s o r p t i o n o f l i g h t by an 

e l e c t r o n m a k i n g a transiibiiHa^ f r o m t h e v a l e n c e band to t h e conduction 

band (and l e a v i n g a h o l e i n t h e v a l e n c e band) can be c a l c u l a t e d 

a s suming t h e e l e c t r o n and h o l e a r e i n d e p e n d e n t . M o d i f i c a t i o n s o f 

t h e r e s u l t s due t o e l e c t r o n - h o l e i n t e r a c t i o n w i l l be c o n s i d e r e d i n 2 . 6 . 

Band t o band t r a n s i t i o n s can be d i v i d e d i n t o two t y p e s . 

" D i r e c t " t r a n s i t i o n s a r e t h o s e w h i c h i n v o l v e o n l y a p h o t o n and an 

e l e c t r o n . " I n d i r e c t " t r a n s i t i o n s a r e t h o s e i n w h i c h a t l e a s t one 

phonon i s e m i t t e d o r a b s o r b e d . I n b o t h t y p e s momentum must be c o n s e r v e d . 

F o r a l l t y p e s o f p a r t i c l e t h e momentum i s g i v e n b y " ^ t i m e s t h e wave 

v e c t o r . Thus f o r " d i r e c t " t r a n i s t i o n s t h e d i f f e r e n c e i n wave v e c t o r s 

o f t h e f i n a l and i n i t i a l e l e c t r o n s t a t e s must e q u a l t h e l i g h t wave 

v e c t o r s ( i n t h e c r y s t a l ) . F o r l i g h t o f f r e q u e n c y e q u a l t o o r l e s s 

t h a n the n e a r U . V . t h i s l i g h t wave v e c t o r i s s m a l l compared w i t h 

B r i l l o u i n zone d i m e n s i o n s . F o r t h i s r e a s o n d i r e c t t r a n s i t i o n s a r e 

o f t e n c a l l e d v e r t i c a l , because on an B r k d i a g r a m t h e t r a n s i t i o n i s 

a l m o s t v e r t i c a l . Because phonon wave v e c t o r s c o v e r t h e w h o l e o f t h e 

B r i l l o u i n zone , t h e r e i s no r e s t r i c t i o n on t h e i n d i r e c t t r a n s i t i o n s . 

The i n d i r e c t t r a n s i t i o n r e q u i r e s a n i n t e r m e d i a t e s t a t e so 

t h a t t h e phonon t r a n s i t i o n c a n s t i l l t a k e p l a c e " v e r t i c a l l y " . The 

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

of t h e squa re o f t h e d i f f e r e n c e be tween t h e e n e r g y o f t h i s i n t e r m e d i a t e 

s t a t e and t h e c o n d u c t i o n o r v a l e n c e band s t a t e , and a l s o t o t h e squa re 

o f t h e e l e c t r o n - p h o n o n m a t r i x e l emen t c o n n e c t i n g the i n t e r m e d i a t e 

s t a t e w i t h t h e c o n d u c t i o n o r v a l e n c e band s t a t e . There may be many 

a l t e r n a t i v e i n t e r m e d i a t e s t a t e s . 



I n non-ionic materials the electron-phonon matrix element i s 

small, and i n d i r e c t absorption i s much weaker than d i r e c t absorption. 

However i n i o n i c materials l i k e SnO^ t h i s may (louche so. 

Another d i s t i n c t i o n between types of t r a n s i t i o n near an absorp

t i o n edge i s important. I f , as i s o f t e n the case, the states involved i n 

the absorption near the edge l i e near a special symmetry point i n the 

B r i l l o u i n zone, the o p t i c a l matrix element at that point may be zero. The 

t r a n s i t i o n s are then said to be "forbidden". Otherwise they are "allowed". 

The matrix element f o r forbidden t r a n s i t i o n s i s assumed to vary as k - ko 

where ko i s the symmetry point and k i s the wave vector a t which the 

" v e r t i c a l " t r a n s i t i o n occurs. 

Absorption i n the four possible s i t u a t i o n s i s b r i e f l y discussed. 

Features of (2), (3) and (4) are at l e a s t approximately involved i n SaO^, 

( l ) Allowed d i r e c t t r a n s i t i o n s 

I n the region of the absorption edge the o p t i c a l matrix element 

i s assumed to be constant. The main variable f a c t o r i s then the density 

of states available f o r d i r e c t t r a n s i t i o n s a t the appropriate energy. 
3/2, 4--

This i s proportional toyu 2. (E - Eg) - where E i s the photon energy 
and AX i s the reduced mass = ffc Plv , wi t h hie and mv being the conduction 

Mc + Mv 
C V 

and valence bands density of states e f f e c t i v e masses. I n addition the 

absorption c o e f f i c i e n t , K varies with the reciproc a l of the r e f r a c t i v e 

index, n, and the reciproc a l photon energy. The former can be viewed as 

r e s u l t i n g from the basic quantity being the imaginary part (2nk) of the com

plex d i e l e c t r i c constant. 
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(2) Forbidden d i r e c t t r a n s i t i o n s 

These t r a n s i t i o n s occur i n SnO^. The dependence of the matrix 

element on (k - ko) r e s u l t s i n an extra (k - ko) f a c t o r . When converted 

to energy terms t h i s i s AX (E - Eg) making the absorption proportional to 

i 5 / 2 ( E - Eg )3/ 2 

n U) 

(3) Allowed i n d i r e c t t r a n s i t i o n s 

Because of the removal of the " v e r t i c a l " requirement, the density 

of states f a c t o r now involves an i n t e g r a l . This r e s u l t s i n a f a c t o r 

i s to be taken f o r phonon emission and - f o r phonon absorption. Another 

f a c t o r contained i n the p r o b a b i l i t y of phonon emission or absorption i s 

n + 1 or n respectively, n, here, i s the phonon occupation number, and i s 

not to be confused w i t h the r e f r a c t i v e index. A f t e r allowing f o r the 

changed threshold energy, the r a t i o of absorption branches w i t h phonon 

emission and absorption, ( f o r a p a r t i c u l a r type of phonon) depends almost 

sol e l y on n. With corrections f o r electron-hole i n t e r a c t i o n the longer 

wavelength absorption edges i n germanium and s i l i c o n have been i n t e r 

preted very accurately as being due to transitions of t h i s type. The elec-

tron-phonon matrix element i s more l i k e l y to vary w i t h energy than the op

t i c a l matrix element. 

There i s also a density of states e f f e c t i v e mass f a c t o r , but which e f f e c t i v e 

mass depends on the d e t a i l s of what part of the t r a n s i t i o n i s forbidden and 

i n which band the phonon i n t e r a c t i o n occurs. The t o t a l "energy above thres

hold" f a c t o r i s thus (E - Eg + Ep ) 5 . 

c

5/2 f$'2 (E - Eg + Ep) 2, where Ep i s the phonon energy involved, and + 

(4) Forbidden i n d i r e c t t r a n s i t i o n s 

An extra f a c t o r i n t h i s case i s , s i m i l a r t o (2), (E - Eg + Ep). 



Parabolic bands are assumed i n a l l the above cases. Whenever an 

i n d i v i d u a l c o n t r i b u t i o n becomes negative i t i s to be taken as zero. 

2.6 Excitons and t h e i r Influence on Band to Band Absorption. 

2.6.1 Excitons. 

Elementary semi-conductor theory deals w i t h "one-electron" 

energy states i . e . the e f f e c t of a l l other p a r t i c l e s i n the s o l i d i s 

approximated by an average p o t e n t i a l w i t h i n which the electron moves. 

One step beyond t h i s i s to consider states that can be produced by the 

i n t e r a c t i o n of an electron and a hole. Such states are not states of a 

single electron but excited states of the c r y s t a l as a whole. 

The electron-hole a t t r a c t i o n leads to bound states. These 

states, or excitons, have two extreme types, depending on whether the 

dimensions of the wave function i s very large compared w i t h , or i s 

approximately the same size as, a u n i t c e l l dimension. The former are 

known as Wannier excitons and the l a t t e r as Frenkel excitons. Wannier 

excitons resemble a hydrogen atom, except t h a t the reduced massyu replaces 

the electron mass and the coulomb force i s moderated by a d i e l e c t r i c con

stant, € , of the m a t e r i a l . The hydrogen wave functions are envelope 

functions m u l t i p l y i n g the normal wave function inside a u n i t c e l l . The 

ground state binding energy varies as jH; , so t h a t i f e.g.,€= 10 and 

/u = 0.1 m the energy i s only .0136 e.v. The "Bohr radius" of the ground 

state varies as , so t h a t with the above f i g u r e s the radius i s 53A. 
A1 ^ 
/ i,he oraer o i 

I f the radius calculated i n t h i s way turns out t o be of/ the l a t t i c e 

dimensions, then the assumption i n the Wannier theory, t h a t the e f f e c t of 

a l l other p a r t i c l e s can be averaged by taking an e f f e c t i v e mass and a 



I d 

d i e l e c t r i c constant, breaks down. A f i r s t approximation as the radius 

becomes small might be to assume the e f f e c t i v e masses tend to m and the 

d i e l e c t r i c constant to 1, but t h i s cannot be carried very f a r . Frenkel 

exciton theory i s more d i f f i c u l t and has to take i n t o account the many 

body nature of the problem from: the s t a r t . 

As well as the ground state, there are excited bound states. The 

Wannier theory can of t e n be pictured as applying to higher states, even i f 

i t f a i l s f o r the ground sta t e . The ground state, however, i s always the 

most important, and the properties associated with the higher bound states 

always merge smoothly with the properties of the unbound states. The 

properties of the unbound states, however, can be strongly affected by the 

electron-hole i n t e r a c t i o n . 

2.6.2 Energy band diagrams f o r Excitons 

The usual one-electron energy band plots are inadequate to rep

resent exciton states. For the exciton we need a diagram showing states 

of the whole c r y s t a l . The two types of p l o t are compared i n f i g . 2.6.1. 

The l e f t diagram i s a normal one, i n which d i r e c t t r a n s i t i o n s 

are represented by almost v e r t i c a l l i n e s and diagonal l i n e s represent 

i n d i r e c t t r a n s i t i o n s . The hole and electron states are represented by 

the ends of the l i n e s . The r i g h t diagram i s f o r representing electron-

hole p a i r (exciton) states, with K as the t o t a l wave vector (K i s unfor

tunately also the symbol f o r absorption c o e f f i c i e n t ) . A l l t r a n s i t i o n s 

( i f the c r y s t a l i s i n i t i a l l y i n the ground state) on t h i s diagram s t a r t 

at the o r i g i n . A l l d i r e c t t r a n s i t i o n s have Kf&O. The bound exciton 

states are represented as bands with a.;line on the E - K p l o t . The 

continuum i s represented by the cross-hatched p o r t . 



Energy-band plot of one-particle slates. Vertical 
lines direct, diagonal indirect transitions. 

Exciton bands. Ground state is at origin. Direct 
transitions vertical on axis, indirect diagonal. 

K 

-R 0 R 2R 3 V? 4R 
F i o . X . i . l . 

Direct allowed absorption near edge, n = I and 2 lines only 
shown. Free-pair absorption dotted. 

~iR 0 
Direct forbidden absorption near edge, n=2 and 3 lines only 

shown. Free-pair absorption dotted. 
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2.6 .3 O p t i c a l Absorption to Wannier Excitons 

This i s d e a l t w i t h by E l l i o t t (1957 and 1963). As i n 

2 . 5 f o u r types w i l l be considered. 

( l ) Allowed d i r e c t t r a n s i t i o n s 

The s t r e n g t h of absorption t o bound s t a t e s has an i n t e r e s t i n g 

i n t e r p r e t a t i o n . The value of the (hydrogenic) wave f u n c t i o n d e s c r i b i n g 

the e x c i t o n a t i t s c e n t r a l p o i n t can be r e l a t e d to the p r o b a b i l i t y of 

the e l e c t r o n and hole being found i n the same u n i t c e l l . The 

o s c i l l a t o r s t r e n g t h f o r the t r a n s i t i o n to a bound e x c i t o n turns out 

to be the value i t would be, i n a molecule c o n s i s t i n g ojr one u n i t c e l l , 

f o r a t r a n s i t i o n between the molecular l e v e l s corresponding to the 

valence and conduction bands, m u l t i p l i e d by the above p r o b a b i l i t y . I f 

the radius of the e x c i t o n i s v i s u a l i z e d a3 g e t t i n g l a r g e r and l a r g e r , 

then the above p r o b a b i l i t y gets smaller and smaller and more and more 

of the o s c i l l a t o r s t r e n g t h can be thought of as being t r a n s f e r e d from 

e x c i t o n a b s o r p t i o n to continuum absorption. 

The S s t a t e s on the hydrogens-model are the only ones f o r which 

the wave f u n c t i o n i s not zero a t the centre. For these the p r o b a b i l i t y 

of f i n d i n g the e l e c t r o n and hole together v a r i e s as 1 where a i s 

the Bohr radius and n i s the hydrogenic p r i n c i p a l quantum number. 

The wave f u n c t i o n s of the unbound s t a t e s are s t i l l a f f e c t e d by the 

e l e c t r o n hole i n t e r a c t i o n , i n a s i m i l a r way t o unbound hydrogen atom 

s t a t e s . The r e s u l t of t h i s i s to increase the p r o b a b i l i t y o f f i n d i n g 

the e l e c t r o n and hole i n the same u n i t c e l l . The increase i n a b s o r p t i o n 

compared w i t h the r e s u l t obtained i g n o r i n g the el e c t r o n - h o l e i n t e r a c t i o n 

i s given by a "Sommerfeld f a c t o r " , which E l l i o t t gives as 2 ^ ^ ( 1 - 6 ^ ^ T f l t ) ~ ^ 
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w i t h = s/{& - ) and R the Rydherg of the exciton series ( i . e . the 

binding energy o f the ground s t a t e ) . 

For large n, the bound states have an energy spacing proportional to 

1 . As t h e i r i n d i v i d u a l integrated absorption varies as 1. when the i n d i v i d -

u a l absorption peaks are no longer resolvable the absorption i s independent 

of energy. This "plateau" i s o f equal height to the one at the t a i l of the 

continuum, so there i s no d i s c o n t i n u i t y at the continuum edge. The absorption 

i s shown i n f i g . 2.6.2. 

(2) Forbidden d i r e c t t r a n s i t i o n s 

I n s p i t e of the f a c t t h a t f o r d i r e c t t r a n s i t i o n s the wave vector, K, 

o f the exciton as a whole i s equal to the wave vector of the photon, and i s 

therefore small, appreciable t r a n s i t i o n s can take place to bound excitons. 

This i s because the states from which the exciton i s formed cover a range of 

k values. Injgeneral sense k x i s related to d*K because k gives momentum, and 
d x 

the momentum operator includes (L_ ( i n one dimension). Thus the matrix e l e -
dx 

ment th a t was proportional to (k - I5) i s proportional to^C'Vto) ) , whereH/(°) 
i s the value of the hydrogenic wave func t i o n a t the c e n t r a l p o i n t . ^ ( ^ ( 0 ) ) i s 

P \ -non-zero only f o r ^ s t a t e s on the hydrogen model. For^states. . ~ " 
[ v ( T ( o ) )T varies as rr- 1 

a 0n 
There i s thus no n = 1 l i n e f o r forbiddftn t r a n s i t i o n s . 

The Sommerfeld f a c t o r f o r the continuum i s 2rr* ( l +A )and t h i s merges 
1 - a " 2 * * 

smoothly w i t h the higher bound states. The absorption i s shown i n f i g . 2.6.3. 

(3) Allowed i n d i r e c t t r a n s i t i o n s 
u. 

Transitions to bound states now form continjous bands rather than 
l i n e s . The density of states f a c t o r i s obtained from the exciton band on the 
E — K diagram f o r states of tY 

(E - Eg + ( f l / n 2 ) + Ep)^" where 

3/2 
E - K diagram f o r states of the vjhole c r y s t a l . I t i 3 proportional tor*\ Y 



M = ° c
+ m v i s the e x c i t o n mass. The p r o b a b i l i t y f a c t o r i s s t i l l 

p r o p o r t i o n a l to 1 . 
( a o n V 

The continuum absorption i n v o l v e s an i n t e g r a l which includes 

the Sommerfeld f a c t o r (see Mclean 1960) and which does not seem to 

have a s o l u t i o n i n terms of elementary mathematical f u n c t i o n s . 

However f o r energy j u s t above threshold i t v a r i e s w i t h a 

3/2 power law and f o r l a r g e energies i t v a r i e s as a square law. 

(4) Forbidden i n d i r e c t t r a n s i t i o n s 

The forbidden aspect again adds a f a c t o r p r o p o r t i o n a l to 

energy above t h r e s h o l d , f o r both bound and continuum c o n t r i b u t i o n s . 
2 ^ 3/2 

Bound c o n t r i b u t i o n s thus vary as (E-B + R/n - E p r ' and the continuum 

s t a r t s as (E-E ± E p ) 5 / 2 . 

A l l t r a n s i t i o n s 

For a l l s i t u a t i o n s when the energy above th r e s h o l d ^R, 

the m o d i f i c a t i o n s introduced by el e c t r o n - h o l e i n t e r a c t i o n become sm a l l . 

Even when absorption i s absent or small according t o the 

above d e s c r i p t i o n , absorption may occur due t o a r a t h e r d i f f e r e n t 

mechanism - quadrupole absorption. The most conspicuous place where 

t h i s can occur i s the n=1 e x c i t o n f o r forbidden spectra. This i s 

thought t o occur i n SnQg. Here the symmetry c o n d i t i o n s t h a t f o r b i d 

t r a n s i t i o n s can be s l i g h t l y v i o l a t e d by the f i n i t e wave v e c t o r , q, o f 

the l i g h t . What i s r e q u i r e d i s t h a t the hydrogen f u n c t i o n should not 

change g r e a t l y i n a distance of the order of the r e c i p r o c a l wave v e c t o r . 

A measure o f t h i s i s a q, where a i s the Bohr r a d i u s . 
0 o 

2.6.4 Urbach's Rule 

An e m p i r i c a l r e l a t i o n discovered by Urbach (l953) f o r the 
s i l v e r h o l i d e s which covers a wide range o f temperatures and absorption 
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c o e f f i c i e n t s i s 

K = K 0 exp C r ( B 0 ~ E ) A T ] • 

Here C i s a constant o f order u n i t y and E q i s an energy, which f o r 

m a t e r i a l s w i t h a s t r o n g e x c i t o n absorption i s close to the energy 

of the lowest e x c i t o n peak. At low temperature, T i s replaced by 

a f i x e d T q . Urbach's r u l e a p p l i e s to a wide range o f compounds (Knox 1963) 

and a number of authors have attempted to give t h e o r e t i c a l explanations. 

Most of these i n v o l v e p e r t u r b a t i o n s due to l a t t i c e v i b r a t i o n s b l u r r i n g 

the band edge. Eagles (1963) gives a somewhat s i m i l a r explanation 

except t h a t phonon absorption and emission are considered on a model 

of the electron-phonon i n t e r a c t i o n t h a t includes l o c a l i s e d phonons. 

SnC^ does not obey Urbachs r u l e , although i t has some s i m i l a r i t y . The 

s i m i l a r i t y i s a f e a t u r e l e s s r i s e i n absorption over many orders of 

magnitude. The d i f f e r e n c e s are a shallower slope ( i . e . higher apparent T) 

not very dependent on temperature and the slope of" the l o g K p l o t not 

being constant over wide ranges of K. Eagles suggests t h a t h i s 

model used to e x p l a i n Urbach's r u l e i s more l i k e l y to apply to e x c i t o n 

a b s o r p t i o n , and examination shows i t to be most a p p l i c a b l e when e x c i t o n 

i n t e r a c t i o n i s strong ( i . e . l a r g e e x c i t o n b i n d i n g energies). The 

l a t t e r i s not the case i n SnC^ ( e x c i t o n b i n d i n g energy .033 e.v.) 

and also e x c i t o n a b s o r p t i o n i s not of overwhelming importance. We 

i n t e r p r e t the SnC^ absorption edge by using as a s t a r t i n g p o i n t the 

r e s u l t s of Eagles based on another model of electron-phonon i n t e r a c t i o n . 

This theory i s t r e a t e d i n 2 . 8 . 



2.7 Polaron Theory 

2.7.1. Introd u c t i o n 

I n i o n i c materials the i n t e r a c t i o n between the electrons or holes 

and the ions of the l a t t i c e i s important. This i s considered i n polaron 

theory. The measure o f i o n i c i t y that enters polaron theory i s _ 1 _ , 
£<# €& 

where a n d a r e the s t a t i c and high frequency d i e l e c t r i c constants. For 

SnOj t h i s quantity i s l a r g e r than f o r most compound semi-conductors (e.g. 

Cd$, TiOg and much larg e r t h a t i n the I I I - V compounds). I t turns out that 

most phenomena i n v o l v i n g electrons or (even more especially) holes cannot 

be explained without the a i d of some kind of polaron theory. 

A f t e r a short i n t r o d u c t i o n we discuss how polarons are c l a s s i f i e d 

i n t o d i f f e r e n t types, f o r which d i f f e r e n t theories are required. V/e then 

b r i e f l y discuss some <bf the properties of the d i f f e r e n t types. 

I n many problems concerning electrons i n s o l i d s , i t i s possible 

to get electron states which are f a i r l y w e l l defined and from which an J 

electron occupying that state i s only occasionally scattered by imperfec

t i o n s of some s o r t . The i n t e r a c t i o n s can then be treated i n a s t r a i g h t -

forward way by perturbation theory. However i n i o n i c c r y s t a l s the i n t e r 

action between the electrons and p a r t i c u l a r l y the l o n g i t u d i n a l polar phonons 

can become so strong t h a t the p i c t u r e breaks down. (For example i t i s 

doubtful how f a r the Boltzmann equation can be applied Platsman 1963 

" r u i a l u i m -and fixci-tens*' p. 150 and T5=3> Schultz 1963--d***o- p. 112). The 

d i f f i c u l t y here i s that the p o s i t i o n of the electron i n phase space i s 

doubtful because the time between c o l l i s i o n s i s so short t h a t the c o l l i s i o n s 

cannot be thought o f as independent). The problem i s generally made easier 

by considering states of the combined e l e c t r o n - l a t t i c e system. These states 



are known as polarons, and i n some circumstances the i n t e r a c t i o n s bet

ween polarons are small, thus avoiding considering the system as a 

many body problem. However there i s s t i l l only an incomplete under

standing of many properties of polarons, even i n the r e l a t i v e l y simple 

cases studied by the o r e t i c i a n s . 

2.7.2. Types of Polaron 

Polarons are c l a s s i f i e d by tiro c r i t e r i a . The f i r s t i s the 

strength of the dimensionless coupling c o n s t a n t ^ , defined by«<= 1_ 

e I Vft ] [ _|_ _ J V £<*> and £ s, are the high frequency ( i . e . above 

the phonon frequencies, but below the elec t r o n i c frequencies) and s t a t i c 

d i e l e c t r i c constants respectively. f<\ i s the so-called "bare" electron 

mass, i . e . the e f f e c t i v e mass the electron would have i f the material had 

zero i o n i c i t y or i f the l a t t i c e were held r i g i d l y and not allowed to 

v i b r a t e . OJ (throughout t h i s section) i s the phonon frequency, and i n 

a l l t h e o r e t i c a l work the author has seen only one phonon branch i s con

sidered, and, i n most, the dispersion of phonon frequencies i s ignored. 

However Eagles 1964, i n h i s study of R u t i l e , considers three branches. 

Por«*«l,^<^L and <* » 1 the coupling i s known as weak, i n t e r 

mediate and strong respectively. 

The second c r i t e r i o n concerns the size of the polaron compared 

w i t h a l a t t i c e distance. The extreme types are known as large and small 

respectively. Published small polaron theories are based on strong 

coupling. For weak and intermediate coupling the best measure of the 

size of a polaron i s the " c h a r a c t e r i s t i c length" (n /2n\u>)2. When t h i s 

i s of the order of a l a t t i c e distance, large polaron theories ean be 

somewhat extended i n v a l i d i t y by using a c u t - o f f i n phonon wave vector, 
but eventually large polaron theory f a i l s completely and a small polaron 



theory must be used. When the coupling i s too strong f o r intermediate 

coupling theory to apply, the polaron radius may be estimated by means o f 

the Feynman model o f the polaron. Schultz (1959 and 196?) gives the radius 

i n the strong coupling l i m i t as 2. ^ J J ~ J ^' a n <* *a^)U-'-a*es v a - l u e s f°T 

smaller values o f d . 

The only f a c t o r i n the above expressions ford and polaron radius 

t h a t can vary from band to band i s m . Thus the same c r y s t a l can have 

d i f f e r e n t types of polaron i n d i f f e r e n t bands. 

2.7.3. Some Properties'-of Polarons 

2.7.3.1. Weak coupling large polarons 

For«<c<l the polaron properties are almost the same as the pro

pe r t i e s of a 'bar©1 electron. The i n t e r a c t i o n w ith phonons can be treated 

as separate s c a t t e r i n g events, and perturbation theory can be used. Howarth 

and Sondheimer (=1953) use perturbation theory on 'bare' electron states, 

and t h e i r , r e s u l t s are supposed to apply a t a l l temperatures. Perturbation 

theory on polaron states gives the same r e s u l t s as intermediate coupling 

theory f o r small energy and smalltft {• . Pines 1963 "rulcuuua and ExciU)iia" 

P. 33) 

2.7.3.2. Intermediate coupling large polarons 

Pines (1963) (or the o r i g i n a l paper of Lee and Pines ( l 9 5 2 ) ) 

considers low energy polaron properties using a v a r i a t i o n a l c a l c u l a t i o n 

or a series of canonical transformations. The two main r e s u l t s are th a t 

•the 'bare' e f f e c t i v e mass m should be replaced by a polaron e f f e c t i v e mass 

m* given by 

m* = m (1 + ^ ) 
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and t h a t the energy of the lowest energy s t a t e i n the band i s lowered by 
E(o) = - o(to u, 

These r e s u l t s should apply w i t h small e r r o r f o r ^ < / V 3 . 

The main d e f i c i e n c y of t h i s and several other polaron t h e o r i e s 

i s t h a t only low energy («fc U» ) s t a t e s and low temperatures are considered. 

This i s p a r t i c u l a r l y important f o r d e a l i n g w i t h o p t i c a l e f f e c t s , as 

t r a n s i t i o n s are not confined t o low energy s t a t e s . 

2 . 7 . 3 . 3 Strong coupling large nolarons 

An a d i a b a t i c approach to s t r o n g coupling theory gives r e s u l t s 

i n descending powers o f d, . An account i s given by A l l c o c k ( 1 9 6 3 ) » 

though most of the o r i g i n a l work appears to be Russian ( t h a t of Pekar 

e t . a l . ) With some assumptions t h i s r e s u l t s i n 

m* = m(0.02 « 4 + Q ( <* 2) ) 

and B(o) = U 2Wo - I + 0 (c*~ 2) ) W 
2 

where Wo i s some parameter. By comparison w i t h r e s u l t s ( p a r t i c u l a r l y 

e f f e c t i v e mass) from the Peynman polaron i t would appear t h a t «C must 

be very large f o r the r e s u l t s to be c o r r e c t (Schultz 1959 ) . I n SnO^ 

i f the e f f e c t i v e mass i s imagined t o increase s t e a d i l y , by the time 

such l a r g e values o f at have been reached, we have entered the small 

polaron domain, 

2 . 7 . 3 . 4 The Feynman Polaron 

More r e c e n t l y work on the Feynroan model of the polaron 

(P..?. Feynman 1955) has produced more comprehensive r e s u l t s . I t i s 

based on Feynman's p a t h - i n t e g r a l f o r m u l a t i o n of quantum mechanics. 

The Feynman model e s s e n t i a l l y replaces the e f f e c t of the l a t t i c e by a 



second p a r t i c l e connected to the e l e c t r o n by a s p r i n g (Schultz 1959 

p.528) . The r e s u l t s apply to a l l coupling strengths and the method 

can be applied to f i n d i n g p r o p e r t i e s such as the m o b i l i t y a t a l l 

temperatures and frequencies. I t i s , however h i g h l y complicated 

mathematically and inv o l v e s a l o t of numerical computation. I t would 

appear t h a t r e s u l t s have only been worked out f o r c e r t a i n cases. 

Schultz (1959 or 1963) gives numerical r e s u l t s , f o r s p e c i f i e d 

values of , of m*, E(o) and the p r e v i o u s l y mentioned polaron radius v , 

The values of m* and E(o) show the continuous t r a n s i t i o n from intermediate 

t o strong coupling theory. 

An account of t r a n s p o r t p r o p e r t i e s i s given by P.latzman (1963) 

and Peynman, H e l l w o r t h , Iddings and Platzman (1962) f i n which the r e s u l t s 

o f machine computation are given f o r some c o n d i t i o n s . 

2.7.3,f Small Polarons 

I f the polaron radius p r e d i c t e d by any o f the above t h e o r i e s , 

which are based on the continum approximation ( w i t h or w i t h o u t a c u t - o f f ) , 

i s much less than a l a t t i c e d i stance, then the theory breaks down. I f 

small polaron theory a p p l i e s , the p r o p e r t i e s are then q u i t e d i f f e r e n t . 

I t i s no longer u s e f u l to s t a r t w i t h Bloch-type e l e c t r o n s t a t e s spread 

over many u n i t c e l l s , but r a t h e r to consider s t a t e s centred on one s i t e . 

One of the main works on the theory i s H o l s t e i n ( 1 9 5 9 ) . He 

studi e s the h i g h l y s i m p l i f i e d model of a one dimensional molecular 

c r y s t a l , i n which a l i n e a r chain of diatomic molecules i s considered. 

The i n d i v i d u a l molecules can v i b r a t e and the elec t r o n s s t a t e s are 

expressed i n the t i g h t b i n d i n g approximation as the l i n e a r s u p e r p o s i t i o n 

of molecular wave f u n c t i o n s , w i t h c o e f f i c i e n t s depending on nuclear 



p o s i t i o n s . I n sp i t e of i t s s i m p l i f i c a t i o n s , t h i s model i s thought to 

have many of the features t h a t occur i n r e a l c r y s t a l s . 

His c r i t e r i o n f o r small polaron theory i s equivalent to 2J«Eb, 

where J i s the overlap i n t e g r a l between neighbouring molecular wave 

functions, and E^ i s the polaron binding energy f o r zero J. This i s given 

i n the continuum approximation by 1 ( 1 1A e 2 wfabfr where wfagjj 
•ir V6*. ~ € s I 

i s the c u t - o f f phonon wave vector defined as wfoax = 2"ff x / 3 \ 3 where 
\ 4HVc / 

V i s the volume of a u n i t c e l l . (The B.Z. has been approximated by a c 
sphere of the same volume) (Eagles 1963). 

The e f f e c t of the above condition applying i s that the polaron 

i s w e l l localised on a single molecular s i t e . There are two methods th a t 

an electron can use to move from s i t e to s i t e . I t can tunnel between the 

p o t e n t i a l wells, or i t can jump the p o t e n t i a l b a r r i e r w i t h the aid of energy 

from phonons. The former gives a m o b i l i t y v a r i a t i o n at most temperatures 

which i s exponentially f a l l i n g w i t h r i s i n g temperature, and the l a t t e r 

gives a m o b i l i t y which i s exponentially r i s i n g w ith r i s i n g temperature. 

The t r a n s i t i o n temperature, Tc, that separates the regions dominated by 

the two types of mechanism, i s w i t h i n 20$ o f ( o r 6 ) f o r a wide range 
2k 2 

of parameters (Holstein 1959 p.366). 

I f the tunnel e f f e c t dominates ( i . e . T>Tc), then a more or less 

t r a d i t i o n a l band picture applies, but with a bandwidth of 4 J e^ ^/2^ 
where ̂ e^Eb but depends on d i r e c t i o n (see sec. 3.3)• 

t.u> 

7 7 VA Nearly Small Polaron Theory 

Recently a new polaron theory was published (Eagles 1966) that 

we consider to be the theory most applicable to the top valence band i n 

Sn02. The theory lias many of the features of small polaron theory, but 

an adiabatic rather than perturbation approach i s used f o r t r a n s i t i o n s 



from s i t e to s i t e . The conditions requiredifor the theory are stated as 

(2.7.1) 

2 J (2.7.2) 

W (2.7.3) 

where Z i s the number o f nearest-neighbour l a t t i c e s i t e s , Wr i s the r i g i d 

l a t t i c e ( i . e . without polaron e f f e c t s ) bandwidth, Eb i s the polaron binding 

energy f o r zero bandwidth, J i s an electron overlap energy and IV i s the p o l 

aron bandwidth found i n the theory. For a p r i m i t i v e cubic c r y s t a l Wr = 12J. 

is.the. condition f o r an adiabatic rather than perturbation approach being 

better.(2.7.3) appears to be the condition f o r the a p p l i c a b i l i t y of the 

approach used to c a l c u l a t i n g c e r t a i n properties such as the bandwidth. The 

e f f e c t of i t not being v a l i d i s not clear. 

Because atomic displacements i n small polaron theory can be of 

the order of a tenth of the nearest neighbour distance. Eagles introduced 

two f u r t h e r parameters,-^- and.£^, to account f o r second order terms i n 

the electron-phonon i n t e r a c t i o n and anharmonic terms i n the l a t t i c e poten

t i a l , respectively. Terms proportional to - C ^ , ^ o r - € ^ Ban produce changes 

i n the l o c a l atomic f o r t e s around a polaron, and so can lead to loc a l i s e d 

normal modes o f l a t t i c e v i b r a t i o n . The theory considers the r e s u l t s of t h i s 

but these e f f e c t s are ignored i n t h i s thesis. There i s no evidence of them 

being important i n SnCi. Without l o c a l i s e d modes o p t i c a l absorption can be 

(2.7.l) can be thought of as roughly the condition f o r small p o l 

aron theory. The l e f t side o f (2.7.l) i s approximately f 1 , a parameter used 

i n the theory, and the theory i s only worked out to f i r s t order in-C.. (2.7 



c a l c u l a t e d by a s i m i l a r theory t o Eagles (1963) but w i t h a modified 

parameter D (See 2.8). 

2.8 Eaglea' Theory of O p t i c a l Absorption 

Eagles (1963) gives a theory o f o p t i c a l absorption i n v o l v i n g 

small polarons. The theory can be extended to cover some departure 

from the s t r i c t c o n d i t i o n s r e q u i r e d f o r small polarons by the theory 

o f n early small polarons (Eagles 1966 A and B). 

Vfhen electron-phonon i n t e r a c t i o n i s f a i r l y strong the method 

of c a l c u l a t i n g the absorption by t r e a t i n g both the electron-phonon 

i n t e r a c t i o n and the e l e c t r o n - r a d i a t i o n i n t e r a c t i o n as p e r t u r b a t i o n s 

and using p e r t u b a t i o n theory becomes u n r e a l i s t i c . I t i s necessary t o 

t r e a t the electron-phonon i n t e r a c t i o n f i r s t ( t o o b t a i n polarons) and then 

to use p e r t u r b a t i o n theory f o r the r a d i a t i o n . When small polaron theory 

a p p l i e s , the theory i s s i m i l a r to e a r l i e r work on P centres. 

The theory used here i s t h a t f o r l i n e a r electron-phonon 

i n t e r a c t i o n . (Quadratic i n t e r a c t i o n can lead to Urbach's r u l e , see 

2.6). Eagles worked out two extreme cases: ( l ) t r a n s i t i o n s between 

a small polaron band and a wide band i n which coupling i s neglected and 

(2) t r a n s i t i o n s between two small polaron bands. Because the conduction 

band i n SnO^ i s f a i r l y wide, the best s t a r t i n g p o i n t i s ( 1 ) , which i s 

now considered. 



<+3 

The absorption i s divided i n t o parts K p (e) i n which there i s a 

net emission of p phonons. (A single phonon branch i s assumed). Eagles 

then shows that 

n K (E) EdE = AH 
P P 

aO 

where R 
P m = m (ra + p) ! m! , x 1 (2.8.1.) 

and m1 i s zero i f p i s negative and equals -p i f p i s p o s i t i v e . A i s a 

constant, D i s a parameter of the theory (see l a t e r ) and n i s the mean 

theormal occupation number of the phonon branch, n i s the r e f r a c t i v e index 

and w i l l vary (slowly) w i t h E. Each term i n the summation can be thought of 

as the co n t r i b u t i o n with m phonons absorbed (and, of course, p + m phonons emitted). 

I t i s -straightforward to show that 

^ Rp = 1 ( 2 . 8 . 2 ) , pRp = E> (2.8.3) ^ (p - D ) 2 Rp= D (25 + l ) 
P = -OO -«*> -KP 

(2.8.4.) 

(2.8.2.) shows that the t o t a l integrated absorption (or more precisely n KE) 

i s independent o f the phonon i n t e r a c t i o n . The l a t t e r enters the theory through 

D„ (2.8.3) shows that the mean net number o f phonons emitted i s D and (2.8.4) 

shows that absorption which would have occurjed a t a p a r t i c u l a r energy i n the 

absence of phonon i n t e r a c t i o n i s spread i n t o a root mean square energy width 

of D*nu>. ( f i t o i s the phonon energy). (2.8.1) shows that absorption i n 

v o l v i n g no phonons i s reduced by the f i n a l exponential f a c t o r due to the 

phonon i n t e r a c t i o n . Thus i f D&2, zero phonon absorption plays a very 

small part i n the o v e r a l l picture of band to band absorption. 



So f a r we have only t a l k e d of i n t e g r a t e d a b s o rption. To 

o b t a i n the shapes of the absorption p a r t s we consider the p a r t . 

Except f o r the zero phonon p a r t , Eagles shov/s 

nEK (E) o r p ( E 1 ) p (E-E -pW-E 1 )B (E,E 1)dE 1 (2.8.5) pm J r c r v g * pm ' 

where p Q and p^ are the d e n s i t y of s t a t e s i n the (wide) conduction 

band and (narrow) valence band r e s p e c t i v e l y and m(E,E^) i s an 

average q u a n t i t y t h a t can be reduced to simple form i n some circum

stances. Two a l t e r n a t i v e such circumstances are when 2m+p i s l a r g e 

and when the narrow band bandwidth i s n e g l i g i b l e . I n e i t h e r circum

stance B (EE 1)OC Q 2(E*) where Q^(E^) i s p r o p o r t i o n a l t o the (average) 

p f m 
o p t i c a l m a t r i x element t o conduction (wide) band s t a t e s an energy 

above the band edge. The ab s o r p t i o n shapes can now be found from (2.8.5). 
2 1 

The form of Q (E ) can be r e l a t e d t o the allowed and forbi d d e n 

t r a n s i t i o n s of 2.6 and 2.7 and t o the Sommerfeld f a c t o r of 2.7. 

The parameter D i s evaluated by Eagles (1963), by us i n g a 

continuum p o l a r i s a t i o n model ; as 

D = 1 j 1 - ±\ efw max (2.8.6) 

where w i s defined by max 

and V i s the u n i t c e l l volume c 

£fT (w max ) 
3 W ~ / 

1/V 



An i n t e r e s t i n g f e a t u r e of (2.8.6) i s t h a t D̂ w depends s o l e l y 

on d i e l e c t r i c constants and the u n i t c e l l s i z e . I t might be an 

i n t e r e s t i n g l i n e to i n v e s t i g a t e why the theory gives d i f f e r e n t D 

values f o r two s i m i l a r compounds, one of which has, say^twice as many 

atoms i n i t s u n i t c e l l . 

(2.8.6) only a p p l i e s when small polaron theory s t r i c t l y a p p l i e s , 

and i s modified f o r n e a r l y small polarons (see 3.5). 

One f u r t h e r f a c t o r discussed by Eagles w i l l be mentioned 

here. The l i f e t i m e t of the small polarons w i l l smear the absorption 

a t any energy i n t o an energy w i d t h o f the order of ̂ /~t . This w i l l 

be of more importance f o r n e a r l y small polaron theory, because the 

l i f e t i m e of the l o c a l i s e d s t a t e s reduces f o r reductions i n the e l e c t r o n -

phonon coup l i n g . (The l i f e t i m e of "bare" e l e c t r o n s t a t e s i n c r e a s e s ) . 

The l i f e t i m e o f the l o c a l i s e d states i s longer a t low temperatures, 

and t h i s would e x p l a i n why sharp zero phonon excitons have been observed 

i n Sn(>2 a t low temperatures but not a t higher temperatures (e.g. l i q u i d 

a i r ) . Acoustic phonons might also be responsible f o r t h i s disappearance 

of sharp peaks. 

2.9 Defect Absorption 

So f a r (except f o r f r e e c a r r i e r absorption) we have discussed 

p e r f e c t c r y s t a l s (unless phonons and excitons are counted as i m p e r f e c t i o n s ) . 

A l l r e a l c r y s t a l s have i m p e r f e c t i o n s . These may be s t r u c t u r a l defects 

such as vacancies or d i s l o c a t i o n s , or else f o r e i g n atoms. These 

defects can lead to e l e c t r o n s t a t e s i n the forb i d d e n band, which i n 

t u r n lead to absor p t i o n below the band edge and which are e x c e p t i o n a l l y 

important i n luminescence. 



Levels i s the band gap can be roughly divided i n t o shallow 

and deep l e v e l s . These are roughly analagous to Wannier and Frenkel 

excitons. Shallow defects are most e a s i l y produced by s u b s t i t u t i o n a l im

p u r i t y atoms w i t h a p o s i t i o n i n a column of the periodic table neighbouring 

t h a t o f the displaced atom. A high d i e l e c t r i c constant also encourages # 

shallow states. Si doped c r y s t a l s produce such states close to the con

duction band. Optical t r a n s i t i o n s i n or i n t o the conduction band from 

electrons i n such states are considered together w i t h f r e e c a r r i e r ab

sorption (see 2.4) and although o p t i c a l t r a n s i t i o n s from the valence band [J 

are changed by these states, the-absorption apoetra wo book o f the aboorp-j 

t i o n edge in-these oryotalo-havo not yot boon analysed- i n d e t a i l . 

The defect absorption t h a t has been analysed i s believed not 

to be due t o f o r e i g n atoms and i s considered i n fi nnrt 6.2. 

FIG. 31.1. 
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3»1 C r y s t a l S t r u c t u r e and Expected Band St r u c t u r e 

3.1.1 I n t r o d u c t i o n 

I n t h i s s e c t i o n we s h a l l look a t some of the known f a c t s about 

SnOg and compare i t w i t h some other m a t e r i a l s , w i t h the o b j e c t of b u i l d 

i n g up a general p i c t u r e of what i s important and what i s not. 

Although the p o s s i b i l i t y was looked i n t o of doing a s i m p l i f i e d 

LCAQ type of c a l c u l a t i o n and also b u i l d i n g up a p i c t u r e of the symmetry and 

o p t i c a l absorption s e l e c t i o n r u l e s f o r d i f f e r e n t bands, i t was abandoned. 

One of the f a c t o r s was the comments o f S l a t e r and Koster ( l 954) concerning 

the number of mistakes other people had made who had attempted t h i s . 

We f i r s t discuss the c r y s t a l s t r u c t u r e and then go on t o consider 

the band s t r u c t u r e , drawing on comparisons w i t h SrTiO^ and TiO^. Next 

we comment on a proposed bonding model. We f i n a l l y draw together some 

work on the band edge and hi g h temperature e l e c t r i c a l c o n d u c t i v i t y mea

surements, i n order t o o b t a i n evidence on the valence band e f f e c t i v e mass. 

3.1.2 C r y s t a l S t r u c t u r e 

SnOj c r y s t a l l i s e s i n the r u ' t i l e s t r u c t u r e . This i s i l l u s t r a t e d 

in' fig.3.1 .1. As more i s known about R u t i l e (TiOg) than SfaO^t a comparison 

between the two i s i n s t r u c t i v e . 

The l a t t i c e i s simple as compared w i t h many compounds, but, of 

course, not as simple as the l a t t i c e s of elements and very simple com

pounds. I t has 2 molecules (6 atoms) to the t e t r a g o n a l u n i t c e l l , which 

i s p r i m i t i v e . A l l atoms of the same type have the same c o o r d i n a t i o n , and 

the same environment except f o r r o t a t i o n s about the c a x i s . 

The main d i f f e r e n c e i n the l a t t i c e between TiOg and SnOg i s t h a t 

the i o n i c r a d i u s of S n + + + + i 3 0.71 A (Pauling, 19 CO ) and T i + + + +
 i s Q.68 A 

(Pauling) or quoted as 



o o 

0.64A and 0.60A elsewhere. This causes the two types of Ti-0 

distanc e * i n R u t i l e U«988 and 1.944AJ t o / r i s e t o the Sn-0 

distance i n Sn0 2 of 2.055A..fni 1mHi lypuu (Data from Bau»r 1956). The 
change i n £ r a t i o from .644 (T i O ? ) to .672 (SnO_) can be explained on 

a 

t h i s basis as f o l l o w s . 

I f c a l c u l a t i o n s are done on the r u t i l e s t r u c t u r e assuming 

p e r f e c t l y i o n i c b i n d i n g , and i g n o r i n g r e p u l s i v e forces due t o overlap 

between l i k e atoms, a °/a r a t i o of .721 i s obtained. (Pauling \e\iO ) 

However, i f the metal i o n i s small, t h i s r a t i o would cause the 0 - 0 

distance i n a (110) d i r e c t i o n to be less than the 0" i o n i c diameter. 

Thus a compromise must be reached between the 0 - 0 r e p u l s i o n and the 

maximising of the Madellng constant f o r the s t r u c t u r e . I f t h i s i s 

taken i n t o account, the value of c/a c a l c u l a t e d f o r Tifi^ ( f o r i o n i c 

b i n ding) agrees w i t h experiment (Pauling 'HiO ) . This i s c o n t r a r y t o 
(1959) c / the deduction drawn e.g. by Grant^that the departure of the /a r a t i o 

i n d i c a t e s a degree o f covalent bonding. The observed r e l e v a n t 0 - 0 
o 

distance i n TiOg i s 2.52 A compared w i t h the normal i o n i c diameter o f 
O | | | | 

0 of 2.80 A. The l a r g e r Sn i o n i c r a d i u s allows the 0 - 0 
o c distance to r i s e to 2.58 A, and explains the r i s e of the /a r a t i o . 

3 »1 f3 I o n i c i t v 

Following Coulson (l952,page 134)» a measure o f the i o n i c i t y 

o f an i n d i v i d u a l bond can be got from the e l e c t r o n e g a t i v i t y values 

o f the elements concerned. I t should perhaps be mentioned t h a t the 

usefulness of the e l e c t r o n e g a t i v i t y approach i s a matter of controversy 

among chemists (Cotton and V/iikinson ) . Coulson gives the 

formula; 0 



<fo i o n i c character = 16 \.Xk -XB\ + 3.5-- | x A - X B f 2 

where x . and l£ - are the e l e c t r o n e g a t i v i t y values of the two atoms A and A o 

B. Cotton and Wilkinson quote two sets of values f o r two d i f f e r e n t methods 

of c a l c u l a t i o n . They are:-

1 2 Average 

0 3.5 3.5 3.5 

T i 1.32 1.6 >1'.46 

Sn 1.72 1.9 1.81 

Taking the average values, the percentage i o n i c character f o r a 

T i - 0 bond i s 16 x 2.04 + 3.5 x 2.042 = 47$ 

and the Sn-Obond 16 x 1.69 + 3.5 x 1.692 = 37$ 

I n a s o l i d , however, the coulomb i n t e r a c t i o n with a l l the ions 

must be considered and t h i s increases the i o n i c i t y (Coulson pages 266 -

267). A q u a l i t a t i v e measure of t h i s increase i s the Madelung constant, 

(aec l a t o r ) . , which i s large f o r the ( i d e a l ) r u t i l e s t ructure ( 4.816). I t 

i s i n t e r e s t i n g to compare NaCl (Coulson p.p. 266 - 268) f o r which ( l ) 

gives "•'50^. The Madelung constant f o r t h i s structure i s only 1.75, and 

yet X - ray evidence shows that 17.85 electrons surround the CI atom com

pared w i t h 17 f o r n e u t r a l Chlorine ( i . e . 85$ i o n i c i t y ) . 

From t h i s evidence i t would seem reasonable t o conclude an over

whelmingly i o n i c character i s to be a t t r i b u t e d to R u t i l e and, to a lesser 

extent, to SnO'̂ . This i s backed up by the considerable difference between •€ 

and€^(see 5.6). No attempt has been made to r e l a t e t h i s difference to the 

i o n i c i t y numerically, but t h i s i s possible and i t would be i n t e r e s t i n g to do. 

I t can c e r t a i n l y be said that t h i s considerable di f f e r e n c e between^nd €5 

shows considerable i o n i c i t y . 



so 

3.1.4 Bend S t r u c t u r e 

For s t r o n g l y I o n i c c r y s t a l s , the energy bands can be c a l c u l a t e d 

w i t h reasonable accuracy w i t h the LCAO ( l i n e a r combination of atomic 

o r b i t a l s ) method (Cardona and Harbeke, 1965). The only m a t e r i a l 

r e l a t e d t o SnO^ f o r which t h i s has been done i s SrTiO^ (Kahn and 

Leyendecker, 1964). 

The s i m i l a r i t y between Sr'fiO^ and SnO^ l i e s i n the f a c t 

t h a t both have octahedra «% oxygen ions surrounding a metal i o n . I n 

SrTiO, ( and TiO_) t h i s i o n i s T i and i n SnO„ i t i s Sn . Above 
3 : 2 . 2 

the c u r i e p o i n t , SrTiO^ ia* cubic and the octahedra are r e g u l a r whereas 

they are s l i g h t l y d i s t o r t e d i n t e t r a g o n a l Sn0 2 (and TiOg). The reason 

f o r the change from cubic to t e t r a g o n a l i s t h a t ; Sr has a valency of 

2 r a t h e r than 4. This means t h a t i n the t e t r a g o n a l case the d i f f e r e n t 

octahedra share fewer common oxygen i o n s , r e s u l t i n g i n 4 oxygen ions to 

the u n i t c e l l r a t h e r than three. This change r e s u l t s i n the squeezing 

together of each oxygen towards one of i t s neighbours (mentioned p r e v i o u s l y ) . 

I n both cases the c o o r d i n a t i o n and environment o f each i o n i s i d e n t i c a l , 

except f o r r o t a t i o n s . The "nearest" neighbour 0 - 0 distances,(together 

w i t h the number of such neighbours i n brackets,) i n SrTiO^ i s 2.76 ( 8 ) , 

i n T i 0 2 are 2.52 ( l ) 2.78 (8) 2,959 (2) i n 3n0 2 are 2.588 ( i ) 2.906 («) 
o 

3.186 (2) ( u n i t s are A). The l a s t distance f o r T i 0 2 and Sn0 2 i s the u n i t 

c e l l dimension c. The T i - 0 distance i n SrTiO,. i s 1.95 ( 6 ) , and i n T i 0 9 

there are two, 1.944 (4) 1.988 ( 2 ) . (The numbers i n brackets are the 

number of such oxygen neighbours per T i i o n ) . I n Sn0 2 the Sn -0 distances 

are a l l 



the same, to w i t h i n experimental e r r o r , at 2.055 A 0 (Bau«r iH 50» This 

change from TiO^ to S f r ^ i s not i n i t s e l f s i g n i f i c a n t , but j u s t r e f l e c t s 

the d i f f e r e n t i o n i c r a d i i . 

The above mentioned work on SrTiO^ assumed the valence and con

duction bands were derived from the Oxygen 2p and the T i 4d states. The 

authors then f i t t e d as w e l l as possible various parameters, to known data 

before s t a r t i n g t h e i r calculations. For instance the approximately known 

energy gap of 3 e.v. was used to obtain the percentage i o n i c i t y (85$). 

' See f i g . 2. 

Their r e s u l t s ( f i g . 3) gave 9 valence bands (3 (2p) states from 

the 3 oxygen ions i n the u n i t c e l l ) which degenerated to fewer l e v e l s a t 

symmetry points i n the B r i l l o u i n zone; e.g. to 3 le v e l s at (k = 0,0,0). 

A l l the bands except one and i n some d i r e c t i o n s two were narrow (spanning 

0 - .4 e.v.). The conduction bands i s of less relevance to BnO^ , because 

i t mainly derives from T i d states. 

Three differences are important i n comparing SrTiO.^ and SnOg • 

They are 

(1) The extra oxygen i o n i n the u n i t c e l l i n SnOg g i v i n g r i s e 

to the single closest "nearest neighbour". 

(2) The l a r g e r values f o r the r e s t of the 0 - 0 distances i n 

SnO^ ( t h i s i s a greater contrast i n comparing TiOp and 

Sn0 2). 

(3) The Sn replacing the T i . 

For comparing TiO„ and SnO^ ( l ) does not apply. 

We s h a l l consider ( l ) f i r s t . The f i r s t point to note i s that 

the extra oxygen i o n would increase the number of possible valence bands 
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from 9 to 12. Another e f f e c t i s due to the single short 0 - 0 distance. 

This i s *>/ .32A* less than the next batch o f neighbours, (and*22A* less than 

the generally accepted 0 diameter o f 2.8). 

This f a c t might be used i n f u r t h e r t h e o r t i c a l work as follows. 

I f , as seems l i k e l y , the c r y s t a l f i e l d s p l i t t i n g of the oxygen p states 

i s l a r g e r than the 0 - 0 and Sn - 0 overlap i n t e g r a l s , then the c r y s t a l 

f i e l d s p l i t t i n g should be considered f i r s t . I t w i l l s p l i t each oxygen's 

p states i n t o 3 l e v e l s . The largest 0 - 0 overlap i n t e g r a l i s then l i k e l y 

to be that between the single nearest neighbours, forming a s o r t of oxygen 

'molecule' with two states where there was one previously. F i n a l l y the 

other overlap i n t e g r a l s between the two 'molecules' i n the u n i t c e l l w i l l 

s p l i t the states f u r t h e r . This may be shown diagrammatically ( f o r k = o) 

u 
i n f i g . ^ 4 . 

The neglect of the Sn - 0 (or sp) overlap i n t e g r a l s i n the above 

de s c r i p t i o n i s possibly j u s t i f i e d because Kahn and Leyendecker show tha t 

i n SrTiO^ a t k = 0 those i n t e g r a l s are not operative. 

We s h a l l now consider difference ( 2 ) , the l a r g e r 0 - 0 distances 

i n SnO„ . The increase from 2.76A* (s TiO_ ) to 2.9062. (Sn0_) should 2 5 it 

s i g n i f i c a n t l y reduce that part of the width of the bands th a t can be a t t r i 

buted to d i r e c t overlap of oxygen ions. 

Difference ( 3 ) , Sn replacing T i , shows i t s main e f f e c t i n the 

conduction band, which should now be a t t r i b u t e d mainly to Sn 5s. Another 

e f f e c t i s that the (occupied) Sn 4d electrons are closer i n energy to the 

Sn 5s than the T i 3p electrons are to the T i 4d. 

Kahn and Leyendecker used the f o l l o w i n g parameters i n t h e i r 

(SyTiO,) c a l c u l a t i o n which may give a guide to what might be expected i n 



0 - T i 

0 - 0 

Sn0 2. 

E l e c t r o s t a t i c ( c r y s t a l f i e l d ) s p l i t t i n g of d o r b i t a l s 0.62 e. 
n ii n it ii ii p n 0 t 4 3 e < 

overlap i n t e g r a l (resonance' i n t e g r a l ) p d r 2.1 e, 

» " " " p d ir .84 e, 

" " " " p p <r -0.16 e, 

" " " p p i r 0.062 e, 

The comparison between TiO^ and SnO^ should be closer than bet

ween SfrTiO^ and SnOg. A l l the 0 - 0 distances i n SnOg being bigger should 

reduce the width of the p valence bands. Eagles (l964) quotes a t o t a l width 

of the valence bands i n TiO^ as 4 e.v., deduced from s o f t X-ray measure

ments. 

The l i k e l i h o o d of the narrowest valence bands being near the top 

oan be shown by considering what are l i k e l y to be the larg e s t overlap 

i n t e g r a l s , the sp i n t e g r a l s . They w i l l act so as to repel the respective 
l e v e l s 

energy^from each other. Thus those valence bands i n which they operate 

w i l l be pushed down, leaving the narrower bands i n which they do not 

operate near the top. 

I t must be pointed out that i n t h i s section we have been discussing 

electron bands without polaron e f f e c t s (see section 3.3.)• 



3.1.5 Other Bonding Models 

Morgan (1966) suggests considerable covalent bonding and 

discusses the r o l e of h y d r i d i s a t i o n i n SnO^. The basis of t h i s 

d i scussion was a paper by Mooser and Pearson (1956). I n the view 

of the present author, the arguments given do not j u s t i f y the 

conclusion of there being s u b s t a n t i a l covalent bonding. 

I t might be added i n t h i s context t h a t the f a c t of good 

semi-conducting p r o p e r t i e s i n the conduction band i s not incompatible 

w i t h h i g h l y i o n i c bonding. Thio i o boonuoo tho oonduotion band i o 

ompty M 

3.1.6 Band Gap and E l e c t r i c a l Evidence on Valence Bandwidth 

One of the main arguments o f t h i s t h e s i s i s t h a t the top 

valence band i s f a i r l y narrow. Strong support f o r t h i s c ontention 

can also be obtained from h i g h temperature e l e c t r i c a l c o n d u c t i v i t y 

measurements on i n t r i n s i c specimens. Such measurements are a v a i l a b l e , 

but t h e i r i n t e r p r e t a t i o n i n v o l v e s consideration of the band gap and 

how i t v a r i e s w i t h temperature. No one else has published conclusions 

based on i n t r i n s i c c o n ductivity^about the e f f e c t i v e mass. I n 

c o n j u n c t i o n w i t h our own and other r e s u l t s from absorption edge 

measurements a general p i c t u r e of how the band gap v a r i e s w i t h 

temperature emerges, as w e l l as support f o r the c o n t e n t i o n o f narrow 

valence bands. For these reasons band gap measurements w i l l now 

be considered. 



Several workers have published f i g u r e s f o r the band gap of SnO^, 

e i t h e r f i l m s or single c r y s t a l . They range from 3.2 - 4.0 e.v. The method 

of measurement has been mostly o p t i c a l (e.g. Arai (l96o) gives 3#7 e.v., 

Koch (1964) gives 3.45 e.v. (both f i l m s ) , E.E. Kohnke (1962) gives>3.54 e.v., 

R. Summitt, J. A* Marley and N. P. B o r e l l i (1964) gives 3.93 e.v. ( l l 1 1 to c 

axis) and 3.57 e.v. ( j . c axis)*and Nagasawa', Shionoya and Makishima (1965) 

gives 3.5 e.v. ( s i n g l e c r y s t a l s ) ) . ' The most important other method i s 

i n t r i n s i c e l e c t r i c a l c onductivity (Marley and MacAvoy (1962) give 3.2 e.v., 

and T. Arai (l960) gives 3.4 e.v.). The only other method appears to be 

photoconductivity, f o r which Houston and Kohnke (1965) give 4.0 e.v. 

Our own work on the absorption edge leads to 3.49 e.v. a t room 

temperature and 3.59 e.v. at nitrogen temperatures (see 6 . l ) . None of the 

published o p t i c a l i n t e r p r e t a t i o n i s to be tru s t e d . Most of the w r i t e r s use 

rough "rule-of-thumb" methods and don't claim accuracy. Summitt, Marley 

and B o r e l l i completely f a i l to r e a l i s e t h a t i n strongly i o n i c c r y s t a l s l i k e 

SnOĵ  , d i r e c t t r a n s i t i o n s with no phonons involved play a minor r o l e . 

However they seem to be the only other workers t o have measured i n polarised 

l i g h t , and t h e i r c r y s t a l s are purer than ours and t h e i r measurements, over 

most of the range, more accurate. 

The e l e c t r i c a l work i s easier to i n t e r p r e t . Morgan and Wright 

(l966) show th a t f o r h i g h l y doped specimens the electron m o b i l i t y only changes 
_ 1 

as T 2 over the range where i n t r i n s i c conductivity can be eas i l y observed 

(750 - 130OOK),, 

More recent r e s u l t s of Morgan (l966) show th a t f o r less highly 

doped specimens m o b i l i t y varies as T"̂ *̂  and T ^'^ f o r two d i f f e r e n t 

specimens. I t seems tha t a v a r i a t i o n o f between T^and T ̂  i s reasonable. 

For i n t r i n s i c specimens the holes because of t h e i r high mass w i l l reduce 



the m o b i l i t y l i k e ionised i m p u r i t i e s , but concentrations are smaller than 

those of the donors., i n the above specimens. 
5 

As the number of i n t r i n s i c c a r r i e r s varies by a f a c t o r of 10 over 

the temperature range the e f f e c t of the m o b i l i t y v a r i a t i o n i s quite small 

and the conductivity roughly varies w i t h the number of electrons (the holes, 

due to low m o b i l i t y , can be ignored). Ifore important however, the published 

values of band gap derived from conductivity have not taken i n t o account the 
v a r i a t i o n of band gap with temperature. They also seem to have ignored the 

3/2 
T ' f a c t o r which enters the formula f o r the i n t r i n s i c number of c a r r i e r s . 
This i s 

i 

\m j 
n, = p, = 4.82 x 1 0 1 5 T ^ 2 {"Wĥ  " exp Eg/2kT^ cm"3 

where mo and m̂  are density of states e f f e c t i v e masses. e 

I f Eg = (Eg) - T 5(Eg) , 
0 JT 

then n^ varies as exp (Eg)oj. HEg) = exp (Eg) 0 exp i(Eg) . The second 
2kT JT2k 2kT 2k>T 

f a c t o r i s constant to f i r s t order as T varies, and a conductivity measure

ment w i l l measure (E g ) Q , the energy gap l i n e a r l y extrapolated to 0°K. 

As f a r as the accuracy of the e l e c t r i c a l r e s u l t s i s concerned, those of Marley 

and MacAvoy only cover a l i m i t e d i n t r i n s i c temperature range f o r any one 

specimen, and maybe not s u f f i c i e n t allowance has been made f o r the e x t r i n s i c 

e f f e c t s . Such a llowance would steepen t?;e graph and raise Eg. Arai's 

r e s u l t s are on a. f i l m and one that has been oxidised from SnO, and so they 
3A> 

may not be very r e l i a b l e . The e f f e c t s of the T ' term and the m o b i l i t y 

v a r i a t i o n are quite small. 



Valence Band Ef f e c t i v e Mass from E l e c t r i c a l Measurements 

The above formula for n. contains only three unknowns, Eg, m and 

m̂ . In order to get a rough estimate of m̂ , approximately known values can 

be taken for Eg and m , and n. can be estimated from conductivity and 

mobility for i n t r i n s i c specimens. For a temperature of 1250°K (the high 

value chosen to minimise e x t r i n s i c e f f e c t s ) an average value for<T from 

several sources seems to be 0 .5 (ohm/cm) \ to an accuracy of about a factor 

of 3. A mobility of 45 cm / v o l t sec. seems about the best value (Morgan 

and Wright (1966) and Morgan (1966) ) . These figures give 

n ± = J C = 0.5 = 7 x 10 l 6cm~ 5 

7 U - -19 ' l.b i 10 *x 45 

Recently published r e s u l t s of Summitt and B o r e l l i (1966) on the 

temperature dependence of the absorption edge are very i n t e r e s t i n g . I t 

w i l l be shown, when the absorption edge i s interpreted, that their use 

of a fixed value of absorption at different temperatures does not accurately 

r e f l e c t the band gap at different temperatures. Also, t h e i r interpretation 

of absorption // to c axis as giving a second band gap we believe to be 

wrong. Our two points, however, agree quite well with the i r r e s u l t s for 

JL C a x i s . We s h a l l , however use the i r value of band gap(for polarization 

\_ c a x i s ) at 1250°K. Their value works out at 2.33 e.v. 

Taking mg as 0.3p\jthen the above formula gives 

% = (4.8x1 o V / 2 ] " 4 / 5 ( 0 . 3 T 1 [ e x P (2 .33/2kT)x7x10 1 6 J ^ 
m 

exp (10,8) 
3 

3.03x10 

4 / 3 = 140 

This figure must only be treated as very approximate. An error i 

the i n t r i n s i c conductivity of a factor of 2 would change i t by a factor of 

about 2.5. I t should also be remembered that i t i s a density of states 

e f f e c t i v e mass. 



Such a large value o f l e a d s one to examine the assumptions of 

of the formula used to obtain i t . I t i s found that parabolic bands are 

assumed to hold up to energies of the order of kT from the band edge. A 

more informative viewpoint i s to see, i n the usual simplified band picture, 

what value of the effective valence band density of states, Nv, i s required. 

Since Nv = 4.8 x 1 0 1 5 T ^ ^ " j ^ cm " 5, 

for T = 1250°K and^lh = 140, Nv = 3.6 x 10 2 5. 
1*1 

This figure i s not possible. There are 4 oxygen atoms to a unit 

c e l l and each has 6 p states. There should be no other states id.thin an 
22 3 energy of many kT. There are 1.4 x 10 unit c e l l s /cm so that there 

are only 3.4 x 10 p states / cm , and this sets an upper lim i t to 

Nv. I t i s quite possible, though, that<rmay in fact be half the above aver

age value and an additional error of 30$ i n ^ h due to errors i n E, Y»ie and 

^u i s quite reasonable. Allowance for these possible corrections gives 
23 

^ h = 43 and Nv = 0.6 x 10 . This kind of figure i s afforded a simple 
wv 

explanation. The crystal f i e l d s p l i t t i n g i s l i k e l y to produce a s p l i t t i n g 

between the local px » Pfy and p:z wave functions of the individual oxygen 

atoms of several kT. The combinations of these states within a unit c e l l 

and into bands of" the crystal may well produce only quite a small energy 

spread ( see e a r l i e r in this section, and the small polaron theory i n 3*3). 



The l a t t e r value of Nv i s then roughly obtained i f the top 

4 of the 12 valence bands occupy a total energy spread of £ kT. I f 

thei r maximum spread i s taken as kT (and the band gap i s taken as 

referring roughly to the middle of these bands rather than the top), 

then the minimum value of effective mass for each of the 4 top bands, 

i f they are assumed degenerate, i s about 20m. I t should be emphasized 

that this i s a minimum value. I f = CO f then the only e l e c t r i c a l 

difference would be that the log of the i n t r i n s i c conductivity would 

d i f f e r , from the m̂. = 20 m case, by a factor of about T 4, which i s barely 

noticeable. In the unlikely event of a l l twelve valence bands being 

e f f e c t i v e l y degenerate the value of m̂. for any one band would be about 

9m for the l a t t e r value of Nv. 

The gradient h (Eg) quoted by Summitt and B o r e l l i i s 1.2 x 10 
d T 

e.v./ K for high temperatures. This implies a (Eg)o of 2.33 + 1.2 x 1.25 

= 3.83 e.v. at high temperatures. After t h i s section was written, 

D.F. Morgan (19668) showed me h i s r e s u l t s for the conductivity of apparently 

i n t r i n s i c specimens. For the high temperature range (900-1200°K) the 

activation energy for the three most r e s i s t i v e specimens i s 3>&- .1 e.v. 

This i s very s a t i s f a c t o r y agreement. The lower values quoted above 

presumeably a r i s e from small e x t r i n s i c e f f e c t s . 

We conclude that there i s strong e l e c t r i c a l evidence for a 

large valence band (polaron) ef f e c t i v e mass, of the order of, or larger 

than, 20m. j j A note should j u s t be added j u s t i f y i n g our use of Summitt 

and B o r e l l i 1 s r e s u l t for Eg and i t s temperature v a r i a t i o n , a t 1250°C, 

a f t e r c r i t i c i z i n g t h e i r method. We w i l l show i n section 3.5 that t h e i r 

method produces only f a i r l y small errors for the temperature dependence 



for polarization J. c axis. The errors w i l l be shown to probably lead to a 

sligh t l y too large value of gradient 3(Eg) . At 1250°K their figure for Eg 

d T 

i s probably rather too small (2.4 e.v. might be better) . The gradient 

around 1100°K should, perhaps, be 1.15 e.v./ °K rather than 1.2 e.v./°C. 

3.2 Phonona 

3.2.1. Introduction 

The ionicity of SnC^ means that electron-phonon coupling i s important 

and the maximum possible information on the phonon spectum i s required. 

Especially important are the I.R. active optical modes. 

The evidence w i l l f i r s t be discussed, and then calculation of phonon paramete 

w i l l be given. 

Evidence concerning the I.R. active phonon branches comes:from several 

sourcess-

( l ) Theoretical, by a consideration of the symmetry modes of the 

r u t i l e l a t t i c e . 

(;2) I.R. absorption measurements. 

(3) I.R. reflection measurements. 

(4) low frequency d i e l e c t r i c constant measurements. 

(5) I.R* refractive index measurements. 

(6) Recent low temperature absorption i n the immediate v i c i n i t y of 

the absorption edge. 

We consider these in order. 

3.2.2. Theoretical 

The f i r s t author to apply group theoretical arguments to the phonon 

spectrum of r u t i l e was Dayal (l950). He found 5 Raman active modes (2 

of which are degenerate), 9 I»R» active modes (6 of which doubly degenerate 
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i n pairs) and one mode inactive i n both. Later authors corrected this 

by removing two of the I.R. active modes and. classing them as inactive 

i n both. The 6 doubly degenerate I.R. modes have one mode from each 

pa i r with polarisation along the a axis and one mode with polarisation 

along the (symmetric) b axi s , though, being degenerate, any pai r of J. 

directions i n the a b plane i s equally good. These modes are of 

symmetry Eu and should give r i s e to three resonances i n the I.R. spectrum 

for l i g h t polarisedjto the c a x i s . The remaining I.R. mode i s and 
,u 

i s polarised // to the c axi s , and should give r i s e to a single I.R. 
. u 

resonance for l i g h t polarised // to the c a x i s . 

3.2 .3 I.R. Absorption Measurements 

The Japanese workers Ishiguro, Sasaki, Aral and Imai (1958) 

and Arai (1960) have measured the I.R. transmission of powdered SnO . 

Both appear to be the same r e s u l t s presented rather d i f f e r e n t l y , and 

Arai quotes his sample as being 2.5 mg/sq.cm., which means about 3»5 pi 

thick. The wavelength range i s 25 ^u - 200 yu , and the main conclusion 

to be drawn i s that there are two absorption peaks, quoted as 33 ^u and 

39 / u . 

Precise interpretation of transmission measurements around 

phonon resonances i s not easy, because absorption, r e f l e c t i o n and i n t e r 

ference phenomena are a l l involved. For very thin films the situation 

i s somewhat simpler because the interference i s nearly zero order 

and r e f l e c t i o n i s not so important. I n t h i s case absorption predominates. 



The Japanese films are barely thin enough to f a l l into this 

category. The peaks, however, can be taken as largely absorption peaks, 

particularly i f the tip of the peak i s used, as the absorption peaks are 

narrower than the reflection maximal. 

An expression for the position of the absorption maximum was given 

in 2.3 as U Q + 0.29 g. I t can be shown that the 33 and 39/u peaks satisfy 

the conditions for the validity of this expression, g i s estimated i n 5.6 

as being^Jo. for the 33 /u. peak and 4Lp_ for the 39M peak, so i t would seem that 
25 ' 20 ' 

theCj Q for each peak i s 1 - 1$> l e s s than given by the absorption peaks. 

Miloslavskii 1959 presents transmission measurements from 2 to 18yu 

on conducting thin films. In addition to absorption due to impurities, the films 

show a peak, quoted as being at 16.4yu. These specimens more nearly f u l f i l the 

thin condition than the above specimen.' The peak i s due to the most energetic 

Xphonon, and we shall use the measurements as a rough check on the magnitude 

and position of the absorption due to th i s phonbn. We use the two specimens 

with the highest transmission and lowest conductivity, because these should 

minimise the effects of impurities and of reflection. Calculation indicates 

that on reasonable assumptions the apparent absorption i s increased by a factor 

of very roughly two due to reflection. After allowance i s made for a pre

sumed zero error due to reflection, one obtains over the region of the peak 

(14 - 18/u), j Kd\ = 4 . 5 for one specimen and 5.5 for the other. Calculation 

indicates that to allow for the unorientated nature of the films, these f i g 

ures should be multiplied by about 1.25 to give the values f o r i polarisation. 

Using (2.3.11) with X = oa f the phonons contribution to r\ - 1 for 1 polarisation 
a s 

i s given as .285 by the f i r s t film and .35 by the second. I f this i s to be 

compared to the contribution t o € s found i n sec. 5.6, the contribution of the 
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other phonons to € i s to be taken as their contribution to € i n the region s 
of the peak (^ ~ 16yu). This i s about -1. In a similar way the impurity con
tribution to 6 i s to be taken as ~ 1.4 for the f i r s t film and 2.2 for the 

s 
second. Thus taking our a r t i f i c i a l parameters without the contribution of the 

phonons in question to be n = f?" = 2.1 for the f i r s t film and 2.28 for 
s ** s 

the second (assumingk = 2) we get contributions toe by the phonon of 1.3 

( f i r s t film) and 1.7 (second film), which are to be compared with a value of 1.76 

found in sec. 5.6. 

More detailed study of the absorption peak indicates a larger 

value of g than i s found in 5.6, especially i f the contribution to € i s 1.76 

rather than the rather smaller values suggested above. Perhaps g = QJt i s a 
15 

f a i r estimate. Using GJ0 + 0.29g given above as the maximum absorption, a 2$ 

difference between the absorption peak and d)L, i s obtained. The peak measured as 

I6.4yu i s also influenced by reflection: reflection i s decreasing quite 

rapidly with increasing \ i n the region of the peak and this w i l l s h i f t the peak 

by perhaps another 1$. These two factors would makeuc correspond to 16o9yu 

or 592 cm 1
 t ^ v a l u e f o u n d i n 5 # 6 i s 5 7 7 m -1 

Finally, measurements were taken here of the transmission of films 

of powdered SnC^ mixed with Nujol. This i s a standard technique used by chemists 

for obtaining the spectra of solids. The spectrum was taken as far as 25yu, and 

i t s primary purpose was to bridge the gap between the Japanese and Russian 

work. This i s described in section 5*6. The result i s to broadly confirm the 

presence of phonon peaks around 16yu and 19yu. 



a 

3.2 .4 Reflection 

The r e s u l t s of numerical curve f i t t i n g work on t h i s and other 

data has been put i n 5 .6 . 

Reststrahlen r e f l e c t i o n measurements are the most general data 

for the analysis of I.R. active phonons. (Absorption measurements are 

probably best for determining the precise transverse phonon frequencies). 

Reflection measurements have been made by Turner (1962) from 4 

to 36yu which are shown i n f i g . 3 . 2 . 1 . The material i s c a s s i t e r i t e 

(natural SriCX,), and no orientation i 3 specified but i t appears to be 

single c r y s t a l with orientation a l i t t l e off _L polarisation. Summitt(l965) 

has measured the r e f l e c t i o n for both polarisations from 1100-410 cm ̂  

(9-24^u). This i s shown i n f i g . 3 . 2 . 2 . Summitt suggests his data i s 

i n s u f f i c i e n t to do a Kramers-Kronig analysis i n order to convert the 

r e f l e c t i o n into absorption, and that Turner's data i s l e s s accurate than 

h i s . However i t was f e l t that with the addition of other information 

the l e s s exacting c l a s s i c a l dispersion analysis was worth doing. To 

do t h i s the phonon resonances are represented by damped harmonic o s c i l l a t o r s 

and the limited number of parameters i s adjusted to give the best f i t to 

a l l the data. • 

The extra information consists of that given i n other 

subsections of 3 .2 ;and: 

1. Liebisch and Rubens (1919) made polarised r e f l e c t i o n 

measurements on c a s s i t e r i t e using the reststrahlen 

method. This method gives poor resolution and only 

isolated wavelengths, but they developed a l o t of expertise. 

2. The high frequency d i e l e c t r i c constants (see 6.5 or Reddaway 

1966). 

3 . The low frequency d i e l e c t r i c constant f o r X polarisation 
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(Summitt 1 9 6 5 ) . At 1 11°/a this i s 1 3 . 6 , a r e s u l t 

to be preferred to the values of about 24 for both 

polarisations derived by Liebisch and Rubens from 

the r e f l e c t i o n s at 3 0 0 y u , and quoted i n the l i t e r a t u r e . 

3 . 2 . 5 I.R. Refractive Index Measurements 

I.R. dispersion i s due to the phonon "reststrahlen" absorption. 

Thus i n getting the best f i t to the phonon spectrum, the phonon parameters 

must be made to also give a good f i t to the I.R. dispersion. This has 

been done. 

3 . 2 . 6 Absorption Edge 

Nagasavnra and Shionoya (1966) have detected a sharp exciton 

spectrum at 1.3°K. Just i n the continuum there are two sharp increases 

i n gradient. The most natural interpretation of these i s phonon 

a s s i s t e d transitions to the exciton ground state by the two lowest 

energy longitudinal phonons respectively. This i s reinforced by 

the phonon energies (derived by measurement from t h e i r published graph) 

agreeing approximately with values previously derived. The two 

phonon energies measured from the graph are 290 cm""̂  and 371 cm~^. 

These are, of course, the values at 1 ,3°K and available figures for other 

c r y s t a l s indicate a few percent variation between low temperatures 

and R.T. However, the phonon energy i n these other c r y s t a l s i s 

around ha l f the values of the lower energy phonons i n S n 0 „ , and so 

the v a r i a t i o n i s l i k e l y to be considerably l e s s i n SnO^. 



3.2.7 Calculation of Phonon Parameters Required i n Polaron Theory 

From the r e s u l t s of f i t t i n g the r e f l e c t i v i t y and other data with 

c l a s s i c a l o s c i l l a t o r s (see 5.6) we s h a l l now derive the very important 

strengths of the polarization of the different phonon branches. From 

the polarisation, the electron-phonon coupling strength of the phonon 

branches can be calculated. We s h a l l be following Eagles 1964 work on 

r u t i l e and Kurosawa 1961. 

The transverse polarizations ? (yu are given by 

4tr N Vfc/u = 4 IT P/VL O^t/u 

where subscript fc stands for transverse, px (= 1,2,3 or 4) labels the 

phonon branch and N i s the number of unit c e l l s per unit volume. Values 

of 4TT p y u and 6 J t ^ are given i n 5.6, together with values o f { j L l J L , 

the longitudinal frequencies. Eagles expands the longitudinal mode 

atomic displacements i n terms of the transverse displacements, 

1 

and states that ^ J, ' = 1 , and 
r 

2 2 (Eagles gives instead of [ u' which must be a misprint). 

Here Pyu' are th'e longitudinal polarisations and € t t f a_ i s the value of 

^at, i n the a or b direction. 



2 These equations have been used to derive 4TT N x p ^ 1 and, 
2 ^ inc i d e n t a l l y , ^ y u * Eagles tabulates these for r u t i l e , but as no use 

i s made of them we s h a l l not bother. 
2 2 Prom p^ i we calculate the most important parameter, f i , 

2 ^ 2 ^ defined as Pjyu^CJ j y u ' This i s given i n table 3.2.1 where 

/u'V u V u 

we have changed^/u1 to^u. Eagles 3hows that t h i s i s the factor with 

which to weight J. - J. for each phonon branch i n polaron theory. 

I n r u t i l e the dominance of the highest energy phonon i s very great, 

which s i m p l i f i e s matters very much. In SnO^ th i s i s seen not to be 

the case to nearly such an extent. 

In 5.6 we state that the l a s t 'phonon' for each polarisation 

i s a very dubious one put i n to make the best of the experimental data. 

I t does not affect the r e s u l t s very much. 

Table 3.2.1 

J_ pola r i s a t i o n II polarisation 

1 .608 .881 

2 .309 .119 

3 .0224 

4 .0603 
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3.3 Polarons i n SnO^ 

3.3.1 Introduction 

The main d i f f i c u l t i e s encountered i n applying polaron theory 

to Sn0 2 (and TIQ^) are:-

(1) There are three t h e o r e t i c a l l y allowed phonon branches that 

are infra-red active for polarisation _[ to the c a x i s . 

(2) Ani30tropy. 

(3) The l a t t i c e anharuionicity. 

(4) The m u l t i p l i c i t y of the valence bands. 

(5) The lack of a good understanding of polaron properties for 

polarons with energies of the order of a phonon energy above 

the bottom of the band, for large polarons (Eagles 1963 p.138l). 

This d i f f i c u l t y i s general and not confined to SnOg. I t i s 

important for the optical properties. 

(6) The lack of an adequate theory bridging the gap between small 

and large polaron theory. For the top valence band th i s i s 

most nearly covered by nearly small polaron theory. 

Several features of this account w i l l be following Eagles 1964 

treatment of polarons i n R u t i l e . 

These points w i l l now be considered i n more d e t a i l . 

3.3.2 Multiple Phonon Branches and Anisotropy 

Taking ( l ) and (2) together, Eagles 1964 showed that the large 

polaron coupling constant for the different phonon branches i s given by:-

^K/U / 
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Here px = 1,2^3 denotes the phonon branch and y = a,b,c denotes the three 

a x i a l d i r e c t i o n s , ^ ^ v denotes a simple average over those directions, 

£ i s a weighting factor obtained from the I.R. phonon spectrum 

analysis (see 3.2) and C j ^ i s an average over direction for each 

longitudinal phonon branch (at small wave vector), the average being 

weighted i n favour of the most polar direction. (The phonon spectrum for 

wave vector // c axis i s to be thought of as consisting of 3 phonon 

branches, two of them with zero polarisation and unknown frequency.) I t 

i s c l e a r that the above expression f o r o i reduces to the usual one, i n 

the case of an isotropic single-phonon-branch c r y s t a l . 

The above expression s t i l l assumes a single effective mass m. 

In t h i s thesis we assume an isotropic conduction band mass. The only 

evidence the author i s aware of i s f i r s t Morgan (1966) who measured 

mobility on different samples, some along the c axis and some the a 

a x i s . The r e s u l t s appear to show a somewhat lower mobility i n the c 

direction, indicating a higher mass i n that direction. The second 

b i t of evidence i s the free c a r r i e r absorption (see 6.3) which indicates 

a somewhat lower mass i n the c axis direction. The t h i r d b i t of 

evidence i s the s p l i t t i n g of the n = 1 exciton peak dealt with i n 3.4. 

This indicates *WĈ  ~ j ij yv\ĉ  . An isotropic e f f e c t i v e mass i s thus 

probably only a moderate approximation for the conduction band. (, I t w i l l 

be argued l a t e r that i t i s probably a very poor approximation for the 

valence bandjl We therefore include a few remarks on anisotropy i n large 

polaron theory. 

The polaron binding energy i s determined by oC , and as polaron 

energy at k = o cannot depend on which direction the polaron moves, i t i s 
OL 

c l e a r that for determiningyan average value form should be used. However 
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for finding the c h a r a c t e r i s t i c length or polaron mass, ry\*» f ° r a p a r t i c u l a r 
direction i t would seem that the appropriate bah'd? mass should be used 
(not though i n c< ) . I t would seem, too, that a polaron can show large 
polaron properties i n one direction and small polaron properties i n another. 
The question may be important, because even cubic Sr-TiO^, (Kahn and Leyendecker 
1964) shows large differences i n e f f e c t i v e mass with direction, and for 
tetragonal c r y s t a l s the symmetry r e s t r i c t i o n s are further relaxed. I t 
would seem that for large r a t i o s i n the e f f e c t i v e masses, a single high 
e f f e c t i v e mass would dominate oC, 

3 . 3 . 3 L a t t i c e Anharmonicity 

This was discussed i n 2 . 2 . I t would appear that for some purposes 

i t might be best to add a fourth phonon frequency at low energies, due to 

anharraonic e f f e c t s . We only use the three 'proper 1 phonons i n the polaron 

theory. 

3 . 3 . 4 Valence Bands 

These are discussed i n 3 . 1 • There are a t o t a l of 12 bands, some 

of which are l i k e l y to degenerate at symmetry points such as k = 0 . No 

small polaron theory of which the author i s aware considers anything other 

that a single, well-isolated band. Both degeneracy and closeness of other 

bands appear bound up with some fundamental aspects of the theory, and these 

problems w i l l not be solved i n t h i s theses. 

Another aspect of t h i s valence band m u l t i p l i c i t y i s that symmetry 

i s l i k e l y to require, i n other than very simple l a t t i c e s , that some bands 

" s t i c k together" at the zone boundary. These bands may not be horizontal 

at the boundary and from some points of view are best considered i n terms 

of a larger B.Z. with fewer bands. I t would seem that the approximation i n 

small polaron theory that bands have a sinusoidal shape with a period equal 

to that of the B.Z. should be applied to t h i s larger B.Z. i n the case of these 
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bands t h a t " s t i c k together". 

3.3.5. Conduction Band Polaron E - k curve 
2 

A l l polaron theories give E <ac k f o r small k f and so each theory 

can define a polaron e f f e c t i v e mass i n t h i s region. The most s a t i s f a c t o r y theory 

f o r l a r g e r values of E (the polaron energy measured from the bottom of the 

polaron band) up to E = hoi i s given by Larsen (1966). His r e s u l t s show that 

as E approaches n« from below i t bends over on the E - k curve and i s a c t u a l l y 

h o r i z o n t a l at E = "nw, as sketched i n f i g , 3.3.1. However, as i s made clearer 

i n the e a r l i e r paper of W h i t f i e l d and R i f f (l965), a t a cer t a i n value of k, 

the curve turns a sharp corner and E r i s e s quite steeply away from E 4 nw, 

as i s shown i n f i g . 3.3.1•• The present author has not come across a recent 

treatment of t h i s region, E>h\*>. I t seems that i t presents special d i f f i c u l t i e s 

because t h i s region represents a qua s i - p a r t i c l e w i t h only a f i n i t e l i f e 

time before i t emits a phonon and returns to a lower energy. The d i s c o n t i n u i t y 

of slope at E = hu» can be thought of as a resonance e f f e c t , because the 

emission of a phonon f i r s t becomes possible at that energy. For EVnwwe use 

the v a r i a t o n a l theory of PrOhlich e t . a l . (l950). They found 

E =o< + k 2 - £ ,x H (3.3.1) 
k 2 

have taken the u n i t s of energy to be1\u) and the u n i t s of k to be 

(2ff\c^/\ ) 2 and the polaron binding energy at k = 0 to be of ) . Unfort

unately t h i s does not i n t e r s e c t the l i n e E = 1 a t the same poi n t as Larsen's 

s o l u t i o n , but the dif f e r e n c e i s not great and the consequent uncertainty 

does not a f f e c t trie f i n a l r e s u l t f o r the absorption edge very much. Larsen 

only evaluates h i s r e s u l t s f o r o<. = 1, and the present author has not yet 

mastered the i n t e g r a l s required to make f u r t h e r evaluations f o r d i f f e r e n t o£ . 
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There i s the a d d i t i o n a l problem i n SnO^ of s e v e r a l phonon energies. 

The method used to deal w i t h t h i s i s given i n 6.1. 

3.3.6 Nearly Small Polaron Theory 

This i s the theory used f o r the valence band. One of the 

d i f f i c u l t i e s of a p p l y i n g the theory to SnC^ i s the a n i s o t r o p y , which 

i s not t r e a t e d e x p l i c i t l y by Eagles (1966). We s h a l l now c a l c u l a t e 

the bandwidths, b i n d i n g energy and o p t i c a l absorption parameter D i n 

terms of the overlap i n t e g r a l s T f o r the SnC^ l a t t i c e . We s h a l l 

assume, as Eagles does i n a p p l y i n g h i s theory t o SrTiO,, t h a t a l l the 

d i f f e r e n t subscripted parameters J are equal (though not n e c e s s a r i l y 

f o r the d i f f e r e n t c r y s t a l l o g r a p h i c d i r e c t i o n s ) . For the r u t i l e l a t t i c e 

Eagles p a r a m e t e r ^ = 2Z where Z i s the number of nearest neighbour 

l a t t i c e s i t e s . Thus Eagles eq 3.2.1 and 3.2.4 gives the polaron bandwidth 

as 

where S and w i l l be d e f i n e d s h o r t l y , and n i s the mean phonon 

occupation number. To account f o r a n i s o t r o p y , c o n s i d e r a t i o n shows t h i s 

should become 

W = 2Z J exp f (2n + 1) (So «- S^J 

[ - H £ M > ( S O 2 + S 1 2 ) ] [ - * (2n + 1) ( ) \ + 4 J exp exp 11 o1 

where the f i n a l s u f f i x e s 1 and 2 i n d i c a t e J_ and // p o l a r i s a t i o n r e s p e c t i v e l y . 
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Combining se v s ^ o f Eagles a c t i o n s we get 

! = 2 B o f l - S i s 

= J Sin where Si(x) = | am y , J ay 
*5 

w = 2tf/ 5 \ ^ , V = u n i t c e l l volume. (The f i r s t B r i l l o u i n zone 
0 < W 

(=;;§38A f o r Sn0 2) 
~ .'.,y . Jias .iee/i replaced by a sphere of the same volume and of 

radiusW ) . 0 

G i s a nearest neighbour l a t t i c e vector. 

Using the continuum p o l a r i s a t i o n model Eagles gets 

2 

0 — V~ Ts/ 
S Q j and are ©btained by i n s e r t i n g the appropriate l a t t i c e vectors. 

Using the-'.unit c e l l dimensions f o r SnC^ of a = b = 4 . 7 4 & and c = 3.186X vre obtain 

^ w S o 1 = / J L _ i _ \ 5 . 3 8 e.v. ^ w S q P = / l - - i - \ 5 . 2 8 e.v. 

B =/1 1_1 : : 4 . 3 0 e.v. 

SJ 

Combining several of Eagles equations and making what appear to be 

correct allowances f o r anisotropy we get 

^ 1 1 = 



1* 

12" 
bl 
a) 

2 B o | - ^ 
0 2 

g. (w ( a 2 + c 2 ) } ) 

2 L Si(w c) Si(2w r tc) .) 

w c 
0 

2w c o 

/ 2 2n i 
w u +c ; 
o 

I n s e r t i n g the l a t t i c e parameters f o r SnO^ we get 

"hws^ = - (i.57 J X
2 + .90 J 2

2) / l l i V 1 

W 2 = - i.ejjj2 + 1.22 J 2
2 ) / i _ I T 

The o p t i c a l absorption parameter D i 3 given by (Eagles 1966B) 

D^<*>= Bo - Z l J4w?S 
o' 

Allowing f o r anistropy, we get 

o2 
(3.3.2.) 

For the SnOg l a t t i c e we get 

D t w = 4.3 [ 1 _ 3^ \ _ (,744 J x + .61 J 2 

(3.3.3.) 
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Table 1 
Observed and calculated cxclton energy levels In SnOo 

at 1.3°K. 

Quantum . 
number ^:nlc. 
<») (A) 

E. 

• WAVELENGTH \ 

Fig. 1. Structure at the fundamental absorption edge of 
SnC>2 single crystals at 1,3°K. 

calc. 
(eV) 

\>bs. 
(A) 

°obs. 
(eV) 

3478.5 

3454.5 

3450.1 

3448.6 

3447.8 

i 

344B.6 

3.5641 

3.5888 

3.5934 

3.5950 

3.5958 

i . 

3.5971 

3.5622 

3.58885 

3.5899, 

3480.3 

3454.5 

3453.6 

3450.1s 3.5933 
3448.6S 3.5949 
3447.75 3.69585 
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Fio. 1. Polaron excitation energy-versus-momentum curves for 
a ° l u computed by three different methods. Gllp ( ^ ) *a the 
variational result of L L P . t,(p) is the variational result of the 
present paper. Gp.u(P) is the result of Rayleigh-Schrodinger 
perturbation theory. 
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3 . 4 Excitons i n SnO^ 

3 . 4 . 1 I n t r o d u c t i o n 

I n d i r e c t t r a n s i t i o n s t o the ground s t a t e e x c i t o n are important 

i n the absorption e d g e . ^ I n SnC^, as i n other i o n i c s o l i d s , the treatment 

of excitons i s made harder by the phonon i n t e r a c t i o n . Prom one view

p o i n t the d i f f i c u l t y becomes apparent i f one t r i e s to apply the simple 

formulae. The formulae c o n t a i n the d i e l e c t r i c constant, and i t must 

be decided whether t o use the high or low frequency value, or some other 

value. The question i s v i t a l , because^e.g., the b i n d i n g energy v a r i e s 
-2 

as •£ , and as t* i s about 3 i n SnO the d i f f e r e n c e i s l a r g e . 

U n f o r t u n a t e l y there are only simple answers i n l i m i t i n g cases, 

and i n SnC^ the problem i s made worse by t h e i r being a t l e a s t 3 phonon 

frequencies. The easiest s t a r t i n g p o i n t i s t h a t of Haken 1 9 6 3 ( i u English) 

and e a r l i e r work ( i n German). He assumes the polaron wave f u n c t i o n s o f 

the two p a r t i c l e s are known and derives the e l e c t r o n - h o l e i n t e r a c t i o n . 

He then s u b s t i t u t e s the i n t e r m e d i a t e - c o u p l i n g wave f u n c t i o n s i n t o t h a t 

i n t e r a c t i o n and obtains the i n t e r a c t i o n energy: 

- e 2 + e 2 ( 1 - 1 ) ( 1 - e j ^ r + e " V ) ( 3 . 4 . 0 

So*" * $B 2 . 

Here = (2 i f ^ u j / f t ) 2 where i s the e l e c t r o n 'bare' mass and i s 

the equivalent f u n c t i o n f o r the hole. For l a r g e values of r i t can q u i c k l y 

be seen t h a t ( 3 . 4 . 1 ) reduces to - e. , i . e . the s t a t i c d i e l e c t r i c constant 

a p p l i e s . Although the assumptions on which the above i n t e r a c t i o n i s 

based are not a l l v a l i d a t small r , Haken s t a t e s the formula provides 
a l 

a good q u a l i t a t i v e i n t e r p r e t a t i o n between the l a r g e and small r regimes. 



So f a r small r the interaction reduces to:-

( " • t-
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J + / 1 - 1 \ 

" I " «f) ( K 1 + K 2 ~ h i S h e r terras) 
-3L— 
€, 

2 • 
I n intermediate coupling theory the polaron binding energy i s £ h - 1 \> 
i » , , 2 

tK^;, so the second term Iwhich i s independent of y J j u s t represents the 

binding energy of the two separate polarons, and the ef f e c t i v e interaction i s 
2 

- £_ . The best effective masses to be used i n the previous interaction for 

cal c u l a t i n g orbits appear to be the polaron masses. 

Ph y s i c a l l y speaking these r e s u l t s can be understood quite e a s i l y . 

At large distances each p a r t i c l e w i l l be completely surrounded by i t s phonon 

cloud, the r e l a t i v e angular movement w i l l be slow and so the l a t t i c e can follow 

a l l the motion. This implies the polaron effective mass and the s t a t i c d i e l e c t r i c 

constant should be used. At small distances compared with the c h a r a c t e r i s t i c 
l e n g t h s / J \ \ 2 the electron and hole are inside what would be each others 

\2mco) 

phonon clouds and move so rapidly that the l a t t i c e polarization cannot follow 

the motion, (but we assume the electronic polarization s t i l l can). This 

implies that there are no polaron e f f e c t s and one should use the 'bare' ef f e c t i v e 

masses and the high frequency d i e l e c t r i c constant for exciton ca l c u l a t i o n s . 

3.4.2 Hrivnak's Solution and i t s Modification 

The only a n a l y t i c a l solution for an intermediate type of exciton 

seems to be that of Hrivnak (1959) who took the special case € = 2 ê , and 
. -L 

mg= m̂ , and assumed the exciton radius was l e s s than [ "K N2. Examination 

shows that he also assumed a single e f f e c t i v e mass for both large and small v , 

which w i l l only be a good approximation for small . His r e s u l t for the wave 

function of the n = 1 exciton gives some int e r e s t i n g insights and i s : -

V - L- 1 _ - K 

file:///2mco
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where i n our notation K = = K^. i s the 'Bohr' radius f o r the high frequency 

d i e l e c t r i c constants The bracket on the extreme r i g h t approximates to u n i t y 

except f o r l a r g e r and so the shape f o r small Y i s that of a hydrogen ground state 

wave f u n c t i o n , w i t h a 'Bohr' radius of 1 . At large distances the wave 
I _ K 
a,j 2 

funct i o n attenuates more sharply than a hydrogen one, and to ensure normalization 

the c o e f f i c i e n t i s larger than i t would be f o r a hydrogen fun c t i o n o f radius 

1 . E l l i o t t ' s theory shows th a t i t i s t h i s c o e f f i c i e n t that controls the 
1 _ K 
A 1 2 

magnitude of n = 1 exciton absorption. 

For SnO^ the case of i n t e r e s t i s that of a large valence band mass and 

a small conduction band mass. I n the l i m i t , a large mass gives =o»and 3*4.1. 

reduces to 

For small y, the second term again reduces to a constant (the polaton 

binding energy) and the i n t e r a c t i o n i s t h a t of a d i e l e c t r i c constant 2 . 
1 1 

(This r e s u l t i s confirmed by the r e s u l t of Plapnan 1962 who used the tech

niques of the Feynman polaron on the equivalent problem o f shallow impurity 

states. His numerical r e s u l t s f o r n o n - l i m i t i n g cases were obtained f o r the-par

ameters of CdS). 

I f €s&= 3ftf (which i s nearly true i n SnC^) then we can define an e f f e c t 

i v e l e t us c a l l i f r t j p ^ b y 

« i = i 
1 _ + _ 1 2 



IS 

and (3.4.3.) becomes e + e ( l - e" 

which i s the same as 3.4.1. with K x= K^.and 2^p= e x c e p t ^ i s replaced 

by . We can therefore now use Hrivnaks s o l u t i o n , provided t h a t f o r the 

purpose of c a l c u l a t i n g the o r b i t and binding energy we use rac instead o f the 
o 

reduced mass - i - nr. used f o r Hrivnakfe case of m = tn • 
C C V 

3.4.3. Sharp Exciton Spectra 

Recently Nagasawai and Shionoya published some very important 

measurements. By going to 1»3°K they observed a sharp exciton spectra w i t h 

polarised l i g h t . They presented an example of t h e i r measurements, f i t t e d a 

hydrogen series to the peaks, i n t e r p r e t e d the series as that of forbidden 

t r a n s i t i o n s on E l l i o t t ' s theory and pointed out the comparison with Ct^O. 

I t i s possible to derive a. considerable amount of important information from 

these r e s u l t s . Their published spectrum i s shown i n f i g . 3.4.1. 

I n a d d i t i o n to the peaks v i s i b l e i n f i g . 3.4.1., a l i n e was observed 

a t \ = 3480.38. "two orders of magnitude" smaller than the n = 2 l i n e . I t i s 

t h i s g r e a t l y reduced magnitude th a t leads to the "forbidden" i n t e r p r e t a t i o n . 

Although i n forbidden spectra dipole t r a n s i t i o n s to the n = 1 exciton are absent, 

quadrupole t r a n s i t i o n s can s t i l l take place. These t r a n s i t i o n s have d i s t i n c 

t i v e dependences on the polarisations of:the l i g h t f . a n d - f o r Cû O E l l i o t t ( l 9 6 l ) 

was able to derive information about the symmetry of the valence and conduc

t i o n bands because one possible symmetry s i t u a t i o n predicted maxima when the 

l i g h t had i t s k vector and p o l a r i s a t i o n vector directed along c r y s t a l axes, 

and another possible symmetry s i t u a t i o n predicted zero i n t e n s i t y f o r t h i s type 

o f . l i g h t p o l a r i s a t i o n . I n SnC^ i t would seem t h a t l i g h t polarised ̂  to the 

c axis must be an i n t e n s i t y minimum, because E l l i o t t gives the i n t e n s i t y 

r a t i o of the n = 1 and n = 2 l i n e s as 32 Z(ka Q]{ 1' where k i s theuwaye v e c t o r r j 
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of the l i g h t , a Q i s the Bohr radius ofy^exciton series (^21% i n 8^2) and 

Z i s a number dependent on p o l a r i s a t i o n but whose average value i s ̂ /25. 

Evaluation shows that the average r a t i o o f o s c i l l a t o r strengths i s ".07. 

The n = 1 exciton having a radius smaller than predicted by the series i t 

can be shown to increase the expected average r a t i o . I t can therefore be 

seen th a t l a r g e r n = 1 exciton i n t e n s i t i e s are to be expected f o r o r i e n t a t i o n s 

other than p o l a r i s a t i o n along an axis, and an expert i n group theory should, be 
e, 

aole to djpive information on band symmetries. 
The r a t i o of o s c i l l a t o r strengths f o r the n=2 and n=3 exciton should 

729/ 

be i n the r a t i o /256, but they are seen t o be roughly equal. Speculation 

about t h i s 4 r i . l l bo roaei-ved f o r section 7 t but we w i l l note here that t h i s 

could be experimental error i f the true l i n e width were less than the re s o l u t i o n 

of the spectrometer. I n that case a very large absorption c o e f f i c i e n t i n the 

spike, that produced almost zero transmission, would not show up as zero transmis

sion and the integrated absorption would be underestimated, while a spike not 

large enough to produce near zero transmission anywhere would give an approx

imately correct integrated absorption. 

The n = 2 l i n e i s apparently s p l i t i n t o two. This can be understood 

as due to anisotropy. Hopfield and Thomas ( l 9 6 l ) calculate the s p l i t t i n g to 

lowest order f o r a i i u n i a x i a l c r y s t a l . Their r e s u l t s are that the hydrogen 

model s states are given by a hydrogen series with a mean reduced massyuQ 

given by 1_ = 2 _ 1 + 1. 1 £l and a mean d i e l e c t r i c ' constant •€ given by 

The P states are s p l i t , Po states having the s state energy m u l t i p l i e d 
b v ( I + 4_ y^and f o r P + 1 states the f a c t o r i s f l - 2 v\. The subscripts r e f e r 

v 15 / " V 15 1 

to u n i t s of angular momentum around the c axis, and y i s the anisotropy para

meter yu / 1 _ _ 1 JEJLj • The binding energies of the two n = 2 excitons are 

http://this4ri.ll
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.0083 and .0072 e.v., so t h a t y can be seen to be 15_ x 11 = + .35. (We 

6 18 

do not know which peak i s which). I f we t a k e ^ = fythen the r a t i o of e f f e c t i v e 

masses i s 1.5?1| but we do not know which i s bigger. I f we take £^= 1.24-€^ 

(see 5.6), and assumeyu^yu^ , then we getyu^ = l.l^Uy, and y = -.35. ( i f 

y u j ^ u ^ thenyu^ =*».55yu which i s an improbably large anisotropy f o r what- ' 

i s , i n e f f e c t , the conduction band). Taking y = -.35» we obtain the 2s energy 

as .0079 e.v. and the I s energy as .0315 e.v., rather than .033 e.v. found by 

ignoring anisotropy. ( i f y = +.35» the 1 energy i s .030 e.v.). Although 
s 

these differences are quite small, they produce b i g differences i n the de

v i a t i o n of the observed I s energy (.035 e.v.) from the hydrogenic series. 

The above i d e n t i f i c a t i o n of the l a r g e r binding energy exciton peak 

of the s p l i t n = 2 exciton with the P +^ hydrogen functions can be obtained 

more d i r e c t l y . Forbidden t r a n s i t i o n s to bound excitons depend on the 

gradient i n the d i r e c t i o n of p o l a r i s a t i o n of the hydrogen fun c t i o n a t the 

o r i g i n . The gradient of the Po hydrogen fun c t i o n (which has lobes along the c 

axis) i s zero i n a d i r e c t i o n J. to the c axis, while t h a t of the degenerate 

P+^ functions i s a maximum. The peak corresponding to greater binding energy 

has an i n t e n s i t y i n Nagasawaa and Shionoya's r e s u l t s f o r J. p o l a r i s a t i o n about 

ten times that f o r the other peak. The f a c t that the smaller peak i s present 

at a l l indicates that e i t h e r the c r y s t a l was s l i g h t l y misorientated w i t h respect 

to the l i g h t , or the c r y s t a l contained a spread of c axis d i r e c t i o n s , or the 
could 

l i g h t was not p e r f e c t l y polarised. Any of these causes^also explain why the 

n = 1 exciton was j u s t present ( i n quadrupole r a d i a t i o n ) . 

Using for£^aud £ / f the values found i n 5.6 f o r €y ignoring the 

dubious l o i * energy extra phonon, we obtain/u Q = .276 raQ from the s exciton 

series energy found above of .0315 e.v. For analysis elsewhere i n the thesis 



8> 
we have used a conduction band mass of m = .29 m , a value derived using 

c o 

.033 e.v. (The d e r i v a t i o n was performed before the above anisotropy analysis 

was performed). Allowance f o r the large valence band mass makes (the average) 

m̂  ^l-g^o l a r g e r thanyu Q. The uncertainty i n €j_ and £g makes high accuracy oearur 

iaagless, I * *\c uM^ucrto^t 0* f-^sA 
The magnitude and shape of the continuum are used i n 6.1 and 3.2. 

3.4.4. n = 1 Exciton - Method Used! to f i n d the Fhonon Coupling 
f o r the Absorption Edge. 

There are several steps i n the d e r i v a t i o n . 

Nagasawa and Shionoya (1966) measured the Rydberg f o r the large 

o r b i t excitons as .033 e.v., (but we t h i n k .0315 e.v. i s b e t t e r f o r s s t a t e s ) , 

but the binding energy f o r the f a i n t exciton l i n e they a t t r i b u t e d to the n = 1 

exciton was ,035e.v. This s h i f t i s an i n d i c a t i o n t h a t the n = 1 exciton 

cannot be considered as formed from two independent polarons. Another i n 

d i c a t i o n i s that the energy of .035 e.v. i s of the same order as the conduction 

band polaron binding energy of ~ .1 e.v. Eagles (1963) considers the case of 
the polaron i n t e r a c t i o n when the instantaneous p o s i t i o n of the e l e c t r o n or 
hole i n the o r b i t i s ignored. He obtains (equ 59) modified o s c i l l a t o r d i s 
placements d^, which give f o r the continuum p o l a r i s a t i o n model 

= - Vw ] t p e djJC") (Pe (^£") [exp ( i w.r) - exp ( i w.jrOj 
^ J 3 3 1 

where X. ̂ s the hole coordinate, Y~ the electron coordinate and (J^ (j^JC") the 

exciton wave f u n c t i o n . Because the instantaneous positions are ignored, we s p l i t 

(p e(v i " ) i n t o -j^(r) £~ (jc -) where, of course, the normalisation condition 

f j ( - ) d 3 v = 1 holds f o r and f 1 ( v ; 1 ) . We thus get 



1 * d = - Vw jjjM exp ( i w j ) d 5 i - | j V ) exp ( i ^ 1 ) d V ̂  
(3.4.4.) 

The two i n t e g r a l s are the Fourier c o e f f i c i e n t s of the respective 

wave functions. The d i f f i c u l t y w i t h using t h i s expression i s that we do not know 

what to use for^(v)» the hole wave fu n c t i o n , when the hole i s not p e r f e c t l y 

l o c a l i s e d . I t w i l l not be any wave function obtained d i r e c t l y from, say, nearly 

small polaron theory, because the surrounding electron reduces the magnitude o f 

the l a t t i c e p o t e n t i a l w e l l , due to screening. The polaron binding energy f o r 

w ( d w ) , so the new value (B q ) o f t h i s 

quantity due to the screening electron can be calculated by (3.4.4.) provided the 

electron wave function i s known, because the f i r s t i n t e g r a l = 1 f o r perfect 

l o c a l i s a t i o n . The method we have used t o obtain the modified absorption para

meters D"*" f o r the exciton i s to account f o r the f a c t that the hole i s not per

f e c t l y l o c a l i s e d . We do t h i s by using nearly small polaron theory (Eagles 1966) 

but with a changed value of B q (approximately the p e r f e c t l y l ocalised polaron 

binding energy) and the other related parameters. We have no rigorous j u s t i 

f i c a t i o n f o r t h i s , but inspection o f the expression below f o r D̂" shows t h a t 

q u a l i t a t i v e l y both the d i r e c t reduction i n D due to screening and the i n d i r e c t 

reduction due to the 'nearly small polaron 1 being less l o c a l i s e d have been 

taken i n t o account. The expression f o r D"*" i s thus s i m i l a r to (3.3.2.). 

W D 1 = B 1 - 4 Jl ~ 2 Z2 U A *\ 
0 W T w T ( 5 ' 4 ' 5 ' } 

o l o2 

I n the continuum p o l a r i s a t i o n model w i t h a spherical B r i l l o u i n Zone 

B \ = a! Lk _ J\ f° T1 - f f V ) exp ( i £ x1) dVT dw 
(3.4.6.) 
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I f + \r ) i s approximated by a hydrogen-like ground state wave function of 

•Bohr radius 1 r thusJ e 

T n r r 3 e \ 

The integral over j ^ " (which i s just the Fourier coefficient with wave vector w) 
2 

i s found by making the element of integration 2ur sin© d© dv putting w.v; 

• wyccid , integrating over© and then integrating by parts. We get this integral 

equal to 

2 K4T] 
The integral over w in (3.4.6.) can either be done numerically or, i f 

w v 
o e ">.v4, the approximate result of 
2 

w - 11 TT (3.4.7) 
0 16 ve 

for the integration can be used with l i t t l e error. 

The problem now reduces to determining the best value for Y^. 

Tfcis i s indicated by using Hrivnak's (l959) special case already mentioned. 

Even i f Hrivnak's situation were exactly met and the exact wave function 

found, the above analysis would not apply rigorously because the wave function 

i s not hydrogeneic. I t can be seen from (3.4.2.), however, that for small V 
V 

i t approximates hydrogenic form because 1 - e ~ 1. However i t departs 
q v 

from hydrogenic form i n that when i t i s compared with the hydrogen wave 

function (-n; Y - g ) ~ ^ e -( ̂ v~e) » the 'Bohr' radius, r , obtained by comparing the 

normalising coefficients i s smaller than that obtained by comparing the 

exponential factors. That the former i s the superior value can be seen by 
noting that the factor 1 - e'^attenuates the wave function for larger v-, thus 

q v 
compensating for the larger 'Bohr' radius i n the exponential. 



The m o d i f i c a t i o n of Hrivnak's work r e q u i r e d i s t h a t he assumed 

m. = m w h i l e we assume m <<' m . I n s p e c t i o n shows t h a t i n Hrivnak's c v c v ^ 
expressions we require', m = m i n q but m = 2m i n a. and E. Hrivnak's 

c c 

s o l u t i o n only allows f o r one phonon energy, so t h a t we use a weighted 

average. The exact k i n d o f average i s somewhat a r b i t r a r y , but i n s p e c t i o n 

shows t h a t i t i s not very c r i t i c a l . We weighted each "proper" phonon 
_ i 

energy p r o p o r t i o n a l to i t s c o n t r i b u t i o n t o oC , and o b t a i n Jfi = 605cm . 
i i r 

I n determining q the 'bare' conduction mass should be used. Hrivnak' 

used the bare mass f o r a, and E a l s o , but i t would seem some allowance 

f o r polaron e f f e c t s r a i s i n g the mass should be made. (See, e.g., Platzman 

(1962) who considers bound polarons by the Peynraan method f o r parameters 

ap p r o p r i a t e t o CdS). The allowance i s smaller the g r e a t e r the r a t i o o f 

coulomb b i n d i n g energy t o polaron b i n d i n g energy. A bare mass of •29mo 

i s used and a mass o f .5mQ f o r a and E. Hrivnaks s o l u t i o n r e q u i r e s 

" g,^ " = t ^ s . D i e l e c t r i c constants of 5.8 and 11.6 correspond, 

f o r t u n a t e l y , very c l o s e l y to the values (averaged over the three axes) 

f o r small r when m̂  = 00 a " d f o r l a r g e r (the s t a t i c value i g n o r i n g the 

"dubious phonon") respectively;. { The a c t u a l value f o r the l a t t e r i s 11.35.) 

We o b t a i n 

a = i» ^ 1 
2 e m c 

0.550 x 5.8 = 10.25A q= 2m u> = 7.54x10 cm 



8 r 

Prom the normalising c o e f f i c i e n t we obtain our pseudo "Bohr1 radius 

_4_ = '4 flf = (3.7 - .55) x 10~ 5 ( S ) " 1 

^ 3 a n 

e **" v v a i 

r = 10.8 ft e 
For completeness we calculate Hrivnak's binding energy 

2 
E = rn„ e 4 h - q t i 2 " " ^ , ? ? ( l - .0754 x 10.25) 2=.0455 e.v. 

n 2^ 2m e 2 / 5.8" 
c 2 h ^ 

I f t h i s i s compared with the experimentally observed binding energy 

.035 e-*v. agreement i s seen to be only f a i r . Hrivnak, however, d i d not con

sider any small polaron e f f e c t s . The method should be more r e l i a b l e f o r the 

radius than f o r the energy. So f a r we have taken m̂  =(P. The f i n i t e valence 

band polaron mass would cause the value o f { • to be reduced f o r small y., thus 

reducing the radius and increasing E. Central c e l l corrections are l i k e l y 

to"have a s i m i l a r e f f e c t . 

The most important r e s u l t of t h i s adaptation of HrivHak.'s r e s u l t 

i s t h a t i t shows the exciton radius i s much smaller than the value (*»*20ft) 

obtained u s i n g ^ j . This indicates considerable s h i e l d i n g of the hole by 

the electron. 

V/e can now use the value of y g to obtain D"*" wit h the help of (3«4.5.) 

(3.4.6.) and (3.4.7.). We obtain 

B̂" = B x .789 = .566 e.v. o 0 

and fcuD1 = .566 - 4' s .169 2 _ 2 x .169 2 = *273 e.v. /, . n n 
.710 .433 0.4.a.; 



There are a t l e a s t three sources o f e r r o r i n t h i s method f o r 

o b t a i n i n g D1. The f i r s t source i s the e r r o r s i n o b t a i n i n g y^, mentioned 

above. The second source i s the assumption t h a t the phonon i n t e r a c t i o n 

i s independent of the instantaneous p o s i t i o n of the e l e c t r o n or hole. 

I n r e a l i t y the s h i e l d i n g of the hole by the e l e c t r o n w i l l not be as b i g 

as i n d i c a t e d (thus r a i s i n g D') and conversely the e l e c t r o n w i l l have some 

phonon i n t e r a c t i o n o f i t s own (thus g i v i n g a f u r t h e r c o n t r i b u t i o n to D')» 

T h i r d , the n e a r l y small polaron approach adopted w i l l be l e s s v a l i d f o r 

the n=1 e x c i t o n than f o r the f r e e ( h o l e ) polaron, and €•, terms w i l l be 

more important. The f i r s t two e r r o r s w i l l work i n opposite d i r e c t i o n s , but 

the second i s probably l a r g e r . I t i s because o f the second f a c t o r t h a t 

we took the mass i n determining a, and E to be s l i g h t l y l a r g e r than the 

bare mass. The t h i r d e r r o r (which i s r e l a t e d t o the second) probably 

means D' i s smaller than c a l c u l a t e d . This can be seen by comparison 

w i t h l a r g e polaron theory a p p l i e d to the hole, where the nearest equivalent 

to D i s c l o s e l y r e l a t e d t o ot , and o( i s smaller than D. 

Using the same r a t i o between D.j, and Dj> as f o r small polaron 

theory, we o b t a i n from 5s3«2 and 3.4.8 the values 

Dj = 2.26 D£ = 1.57 

For reasons given i n the l a s t paragraph these values are only 

a guide. The values a c t u a l l y used i n o b t a i n i n g the t h e o r e t i c a l p o i n t s 

were = 2.33 DJ, = 1.58. The reason f o r being l a r g e r than 

i s t h a t we are near the l i m i t o f a p p l i c a b i l i t y of n e a r l y small polaron 

theory, and i n l a r g e polaron theory the nearest equivalent to D appears 
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t o be r e l a t e d to o( » and the r a t i o o f o(, t o ^ i s bigger(by a f a c t o r of Jz ) 

than the r a t i o o f to D^* 

The above n = 1 e x c i t o n analysis probably applies best f o r 

small For l a r g e r K there are f u r t h e r d i f f i c u l t i e s . Because of the 

e l e c t r o n s h i e l d i n g , the e x c i t o n bandwidth (which i s dominated by the heavy 

p a r t i c l e ) i s apparently**'3 >• l a r g e r than t h a t f o r the n=2, 3 ... exc i t o n s . 

I f t h i s i s taken l i t e r a l l y , i t i m p l i e s t h a t as we move away from K = 0, 

the n = 1 e x c i t o n energy l e v e l approaches and then exceeds f i r s t the 

p o s i t i o n the n = 1 e x c i t o n would occupy i f there were no s h i e l d i n g 

(.0315 e.v. below the continuum) and l a t e r the n = 2, 3 ... excitons and 

the continuum edge. This must be f a l s e , because i t would imply weaker 

b i n d i n g , l a r g e r o r b i t s and hence less s h i e l d i n g of the hole, which i s 

what caused the apparently l a r g e r bandwidth i n the f i r s t place. ( i t 

should be noted t h a t changing the s h i e l d i n g a l t e r s the t r u e bandwidth 

both by a l t e r i n g the apparent bandwidth and by changing the coulomb 

and polaron b i n d i n g energies. The l a t t e r are l i k e l y to be j u s t as 

important as the f o r m e r ) . Presumably as K increases and the s h i e l d i n g 

reduces, D g r a d u a l l y changes from i t s value f o r K=0 towards t h a t f o r 

f r e e p a r t i c l e s . 

3.4.5 Energy Balance Concepts 

This i s perhaps the place to i l l u s t r a t e the k i n d of way the 

energy equation balances to give the observed e x c i t o n b i n d i n g energy. 

This i s shorn i n f i g . 3.4.2 i n which some of the numbers are given p u r e l y 

f o r i l l u s t r a t i o n , and are not r i g o r o u s l y d e r i v e d . 
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The l e f t diagram i s f o r K = 0 and the energy zero i s the energy of the 

system w i t h a f;ree hole i n a r i g i d l a t t i c e ( i . e . no polaron e f f e c t s ) . Two 

routes are shown f o r obtaining the exciton energy l e v e l . On the r i g h t are shown 

the binding energies f o r the two polarons ( g i v i n g the;.actualenergy of the band 

edge in c l u d i n g polaron e f f e c t s ) together w i t h the observed binding energy 

(ltS55 e.v.). The hole binding energy shown i s roughly that given by large 

polaron theory. On the l e f t the coulomb energy i s shown f i j c s t . This energy, 

i f calculated using the radius found above of 10. an e f f e c t i v e mass of .J m 
.2 , 

and the formula Ti (,found by e l i m i n a t i n g g f r o m the hydrogen formula f o r E 
2 

2a m 

and a ) , i s .11 e.v.. But as stateA above t h i s radius i s probably an over

estimate, and central c e l l corrections are also l i k e l y to raise E f so we have 

put E = .16 e.v. The next energy i s an estimate of the hole binding energy 

assuming the shielding to be perfect. (]i'or perfect s h i e l d i n g the electron 

i n t e r a c t i o n i s zero). The f i n a l energy i s a balancing term to obtain agree

ment w i t h experiment. The r a t i o of t h i s l a s t energy to the sum of the binding 

energy of the free electron and the difference i n binding energy of the hole 

w i t h and without screening gives a pi c t u r e of the degree of independent electron 

-phonon i n t e r a c t i o n and a d d i t i o n a l hole-phonon i n t e r a c t i o n on top of tha t indicated 

by perfect screening. With the numbers i n the diagram t h i s r a t i o i s 

The r i g h t diagram of f i g . 3.4.2. shows the same energy balance f o r 

K h a l f way to the B r i l l o u i n zone boundary on a l l axes. (.The much heavier hole 

wave functions that go to make up the exciton are drawn from k values around 

t h i s K, but the l i g h t electron k values are s t i l l quite near k = o ) . The hole 

binding energy i s now much l a r g e r because of the very small polaron bandwidth. 

The increase i s 4 J, + 2 J - -yW. The binding energy of the two poiarons i n 



the exciton i s not known, but i s presumably about .035 to .0315 e.v., the 

values f o r K = o, and f o r no screening, respectively. On the l e f t the coulomb 

energy i s reduced from the value f o r K = o, because of the larger exciton radius 

due to reduced screening. The value of W taken i s not that which i s predicted 

by the K = o screening (about 3 x the value f o r the free hole polaron)t but i s 

taken as 1.5 x the free value to allow f o r the reduced screening. The r e 

duction i n hole binding energy due to perfect screening i s assumed to be the 

same as f o r K = o. The r a t i o defined above i s now 16.4 reasonably consistent 
19 

with the lower screening assumed i n estimating the values of W and the coulomb 

energy. This s e l f consistency looks increasingly u n r e a l i s t i c i f more screening 

i s assumed. This la r g e r r a t i o than f o r K = o indicates that the D"*" have 

increased from t h e i r K = o values, f a i r l y nearly to the values f o r free p a r t i c l e s . 

3.5 Absorption Edive 

3.5.1. In t r o d u c t i o n 

While t r y i n g to i n t e r p r e t the absorption edge i t has become clear 

th a t , f o r both t h e o r e t i c a l reasons andJbecause of observed phenomena, many 

ef f e c t s are involved. Not a l l ofpthese J.effeets';are amenable to--simple theories, 

and i n some places s i m p l i f y i n g approximations have to be made. 

The most important evidence to date i s the experimental work of 

Nagasawi-a and Shionoya (1966) who measured the absorption edge at 1.3°k (see 

f i g . 3.4.1.). This showed (forXabsorption) a discrete exciton spectrum with 

the n = 1 l i n e almost missing, i n d i c a t i n g that the t r a n s i t i o n s are 'forbidden* 

at k = 0. The only other material which has been established as having a s i m i l a r 

spectrum i s Cû O.*. There i s however a b i g difference between CuQ0 and SnO^. I n 

Ca,0j|the continuum at energies above the di s c r e t e spectrum can be explained by 

E l l i o t t ' s theory. The explanation i s th a t i n SnO the phonon coupling i s large, 



e s p e c i a l l y f o r the valence band. This means t h a t the absorption w i t h no 

phonons absorbed or emitted (which i s the only type which e x h i b i t s a d i s c r e t e 

e x c i t o n spectrum) o n l y forms a small p a r t of the t o t a l absorption. The most 

promising theory to use f o r SnOg i s the o p t i c a l absorption theory of Eagles 

(1963) a p p l i e d to 'nearly small polaron' theory o f Eagles (1966 (A and B) ) . 

Using t h i s theory i t i s s t i l l d i f f i c u l t t o get a good f i t t o the 

whole spectrum. This i s the f i r s t reason f o r l o o k i n g f o r a second type of 

absorption. The second i s t h a t the 1.3°K spectrum quoted above shows a sharp 

r i s e i n absorption j u s t close t o the beginning of the continuum. This r i s e 

cannot be explained as phonon a s s i s t e d absorption ( o n l y phonon emission being 

possible because of the low temperature) to the continuum or t o the n = 2 to 00 

e x c i t o n s t a t e s , because,taking the most favourable case, the phonon energy i f 

i t were the n = 2 e x c i t o n would be only .0089 e.v. As mentioned e a r l i e r , the 

only l i k e l y e x p l a n a t i o n i s phonon (energy .0356 e.v.) a s s i s t e d t r a n s i t i o n s to 

the n = 1 e x c i t o n . However, the inter m e d i a t e s t a t e cannot be the K = 0 

n = 1 e x c i t o n , (reached by quadrupole a b s o r p t i o n ) , because the r a t i o o f the 

i n t e g r a t e d i n t e n s i t y of the one phonon t o t h a t of the no phonon absorp t i o n 

i s much too b i g . I t must t h e r e f o r e be by some othe r intermediate s t a t e , 

p o s s i b l y the states responsible f o r the most powerful absorption bands i n 

the U.V., but the lower continuum and e x c i t o n s t a t e s should not be overlooked. 

A s i m i l a r s t a t e of a f f a i r s holds f o r phonon a s s i s t e d t r a n s i t i o n s t o the n = 1 
JL 

e x c i t o n i n CugO* I n both m a t e r i a l s the shape i s approximately E 2, i n d i c a t i n g 

t h a t the interband phonon m a t r i x element i s independent o f K. E l l i o t t (1961) 

i n d i c a t e s t h a t i n CUgO the phonon i s not I.R. a c t i v e , but f o r SnOg we have t e n 

t a t i v e l y i d e n t i f i e d i t w i t h the lowest I.R. a c t i v e phonon. A possible j u s t 

i f i c a t i o n f o r t h i s i s t h a t although the i n t e n s i t y o f the one phonon absorp t i o n 

bands i n the two m a t e r i a l s i s s i m i l a r , i n Cu 20 there i s no evidence of two 

phonon absorption, w h i l e i n SnOp we i n t e r p r e t the n = 1 e x c i t o n as s t i l l 



i n t e r a c t i n g strongly w i t h the o p t i c a l phonons, and the t o t a l absorption as 

being much greater than the single phonon absorption alone! t h i s greater 

t o t a l absorption indicates a stronger interband electron-phonon matrix element, 

and strongly i n t e r a c t i n g phonons are l i k e l y to be the polar (i.R. active) 

o p t i c a l phonons. 

We therefore consider phonon assisted t r a n s i t i o n s to the n = 1 

exciton. The reason t h a t t h i s type of absorption can s u b s t a n t i a l l y change the 

shape of the absorption curve i s because the electron shields the hole from 

part of the phonon i n t e r a c t i o n and the electron charge i s almost neutralised 

by the hole inside i t s o r b i t , This gives smaller values of the parameter 

D i n Eagles t h e o ^ f o r the exciton. 

We consider the continuum f i r s t , and then the n = 1 exciton. 

3.5.2. The Continuum 

Eagles theory shows that when many phonons are involved the shape of 

each part of the absorption (assuming the conduction band i s wide) i s given by 

p c (B) p v ( E 1 - E) Q2 (E) dE (3.5.1.) 

where p and p are valence and conduction band density of states functions, 
v c 

2 \ 

Q (E) i s proportional to the o p t i c a l matrix element to the conduction band state 

of energy E, and E^ i s the excess energy above threshold. I f a parabolic 

conduction band i s assumed and electron-hole i n t e r a c t i o n i s ignored Q (E) P 

varies as E f o r forbidden t r a n s i t i o n s . Electron-hole i n t e r a c t i o n adds a 

Sommerfeld f a c t o r X = 2TTo<, ( l ) where oT = E (R = the Rydberg energy 
. -2-fW R 1 - e 

of the ezciton series i . e . the apparent binding energy of the n = 1 exciton) 

The non-parabolic nature of both bands s t i l l requires treatment. 

R varies as/^ . /u i s almost s o l e l y determined by the mass of the much l i g h t e r 

electron. The appropriate mass to use to determine R and hence Q 2 ( E ) i s the value 



of the conduction band mass i n the region o f the band around B above the 

bottom. This value i s which can be evaluated from f i g . ffigrg-. The 

d E/dk 

author has not seen a relevant treatment of the appropriate value o f £ to take 

f o r d i f f e r e n t values of k (or B). The most natu r a l i n t e r p r e t a t i o n would 

appear to be to assume the reduction i n the electron-hole i n t e r a c t i o n (see 3.4) 

due to hole-phonon i n t e r a c t i o n i s constant, but that the reduction due to 

electron-phonon i n t e r a c t i o n i s proportional to the number^phonons around, 

or ^screening 1, the electron. Thus we take the e f f e c t i v e value o f f to be 

given by 

I = i _ _ 1 / l _ _ l \ 1 / j L . _ _ l \ P ' 

where F i s a f a c t o r equal to 1 at k = o and proportional to the average 

number of phonons i n the cloud around the electrons. Pines (1963) shows 

tha t f o r intermediate coupling the v a r i a t i o n of F w i t h k i s 1 + j i k 

4m t,) ( l +°4/6)2 

f o r small k. The behaviour of F f o r l a r g e r k i s not clear, but f o r large energies 

I t probably varies as 1 i n the same way as the polaron energy i s lowered com-
k 

pared with the r i g i d l a t t i c e electron. We therefore assume tha t F varies as 

given above f o r small k up to a polaron energy h<*/ above the bottom of the polaron 
band and as JL at higher energies. We have no rigorous theory that t h i s i s the 

k 

correct value of 4 to take, but i n order to proceed we need to adopt some 

theory. At k = o i t i s correct because large distances and small v e l o c i t i e s 

are involved, a n d ^ i s the correct d i e l e c t r i c constant f o r these conditions. 

At large k the electron phonon i n t e r a c t i o n i s small, and F = o appears to be 

correct. I n between, the screening being related to the average number of 

surrounding v i r t u a l phonons seems the most plausible approach. A more i i g -



orous theory would have to combine, f o r any energy, a good understanding o f 

the unbound "hydrogen atom" wave functions with polaron theory. A point o f 

i n t e r e s t i s that the procedure we adopt could lead (though does not i n SnO^) 

to 6 r i s i n g toooand then going negative, corresponding to electron-hole r e p u l 

sion. That t h i s might be possible i s supported by an analogous case consid

ered by Schultz (1963) p. 110. He considers two polarons with the same 

charge i n t e r a c t i n g , and states t h a t i t has been shown that i n some circumstances 

there can be a t t r a c t i o n , rather than the normal repulsion. € going negative would 

lead to no d i s c o n t i n u i t i e s i n the o p t i c a l absorption c a l c u l a t i o n . The de t a i l e d 

way € varies does not have a very b i g e f f e c t on the absorption. 

The non-parabolicity of the conduction band changes the value of E^ 

used to determines. The value should be that which would appear to an 

electron, w i t h the appropriate\palue of k, to be the height above the band 

edge assuming a parabolic band with the l o c a l value of e f f e c t i v e mass. Also 
2 

f o r a non parabolic band the 'forbidden! aspect of Q ( E ) gives a v a r i a t i o n w i t h 
2 

k rather than E. 
The conduction band density o f states i s given b^| a term proportional 

to / f dE\ and can be found from f i g , 5*5*3•. The valence band i s f a i r l y 
\ d k ) 

narrow (see 3«3) and when i t s width i s small compared to ER' the i n t e g r a l (3.5.1.) 

.can be approximated as being proportional to 

• (E-* - A E ) Q 2 ( B * - A E ) (3.5.2.) 

c 

where & E i s the average height of valence band states from the band edge. The 

shape i s thus l i k e t h a t of forbidden d i r e c t t r a n s i t i o n s , but the band gap i s increased 

file:///palue


by 4 E. When E* i s smaller than A E and only parabolic portions of 

both bands are involved, then (3.5.0 r i s e s as E'^ ignoring the 
5/2 

Sommerfeld factor, and E 1 with i t s inclusion. Thus absorption 

when E' i s substantially l e s s than /) E i s very small, and (3.5.2) i s a 

f a i r approximation for a l l E*. 

Eagles only proved (3.5.1) true when many phonons are involved. 

The zero phonon part i s r a d i c a l l y different because the f i n a l hole 

state i n the valence band i s confined to f a i r l y small values of k 

because only v e r t i c a l t r a n s i t i o n s are allowed. To a good approximation 

these states a l l have energies equal to the top of the valence band, 

so that (3.5.1) becomes P c (E') Q ( E 1 ) instead of (3.5.2). This part 

i s thus shifted ft B to lower energies compared with the many phonon 

parts. 

For one phonon absorption we can get a good idea of the shape 

by noting that the wave vector k of the electron i s small compared with 

the dimensions of the B r i l l o u i n Zone, for the absorption region with 

which we are concerned. Therefore the wave vector « of the phonon 

involved i s approximately equal to the wave vector of the f i n a l state hole. 

From Eagles (1963) equ 30 we find an extra factor inside the in t e g r a l (3.5.1) 

proportional to jd^j where i n the continuum polarisation model we have 

|d<w|oc Vw. I f we assume for s i m p l i c i t y the valence band i s parabolic 

with a sharp upper cut off then (3-5.1) becomes proportional to 
\ PC(B) Q (E) dE where 2 fl E i s the width of the valence band. 
J E « - 2 ^ E , 

: ( E ' - E ) * 

When E ! » 2ftE, the v a r i a t i o n of f>c (E) Q^E) over the range of integration 

i s small compared with the v a r i a t i o n of 1 (which -±00 as E—>B*)» 
(E' - E ) * 



I f (E)Q ( E ) i s taken as constant, the weighted mean of 1 over 

( E ' - E ) ^ 

the range of integration i s found by integration to be -J- x 2 h E. For 

a many phonon process with such a parobolic valence band the weighted 

mean i s found to be 1 z 2 A E, so the effective increase i n band gap i s 
5 

nearly halved for one phonon processes compared with many phonon 

processes. ( i n small polaron theory a more r e a l i s t i c form for the 

valence band i s that the energy v a r i e s l i k e a sine wave with k j , ky and 

kg. This r e s u l t s i n a parabolic form near k = o, but i t s mean energy 

i s half the bandwidth, rather than the factor 2_ ~e9.en^%f the amplitudes 
5 ' 

of the three sine waves d i f f e r ) . When E 1 ^ 2A E the v a r i a t i o n of 

Pc ( E ) Q (E) becomes important, and for the almost parabolic region at 

the bottom of the conduction band, t h i s weights s t i l l further the 

larger values of E i n the integration, making the e f f e c t i v e increase i n 
band gap s t i l l l e s s . The f i n a l t a i l of the one phonon absorption 

3/2 
r i s e s as E 1 , while the zero phonon part r i s e s as E'+R and the 

5/2 
multiphonon part as E' . 

There i s one further modification to (3.5.1) required to take 

account of phonon interaction with the conduction band ( t h i s i s assumed 

to be negligible i n Eagles theory). The most reasonable assumption i s 

that the parameter corresponding to D i n Eagles theory i s the average 

number of v i r t u a l phonon surrounding the electron. O r i g i n a l l y Eagles 

(1963) suggested phonon interaction i n the wide band would reduce D, 

but i t would seem that the phonon interaction of two unbound p a r t i c l e s 

should be additive, and Eagles (1967) agrees that t h i s i s probably so, 

depending on whether there are any correlation e f f e c t s . We assume the 



% 

e f f e c t s are additive, and take the electron contribution to D as being 

proportional to F defined e a r l i e r i n t h i s section, and equal to at 
2 

k = o. The l a t t e r i s the average number of v i r t u a l phonons around the 

electron (Pines 1963 p . 4 l ) . This makes D depend on k and so the shapes 

derived from (3.5.1) are modified. The modification i s achieved by-

applying the appropriate value of D to each region of absorption of 

each part. 

3.5.3 Type of absorption to n = 1 exciton 

The direct t r a n s i t i o n to the n = 1 exciton i s forbidden. 

This rule includes both the zero phonon absorption (observed to be 

absent by Nagasawa and Shionoya) and phonon a s s i s t e d absorption using 

the di r e c t t r a n s i t i o n as an intermediate state. I t does not, however, 

rule out phonon a s s i s t e d absorption v i a another band with different 

symmetry. This absorption i s c e r t a i n l y present i n Cu^o and i s very 

strongly indicated^by the sharp r i s e i n absorption .036 ev. above the 

very f a i n t n = 1 exciton. ( i t would be i n t e r e s t i n g to obtain even 

more conclusive evidence by observing absorption s t a r t i n g .036 e.v. 

below the n = 1 exciton with the correct intensity'., A temperature of 

about 80°K might be the b e s t ) . 

The phonon coupling for the interband electron-phonon matrix 

element i s l i k e l y to be small (so that only single phonon processes are 

important), and the r e l a t i v e strengths of the different phonons i s not 

given by the normal calculations for i n t r a band optical phonon i n t e r 

actions, (indeed, the i d e n t i f i c a t i o n of the .036 e.v. phonon with an 

o p t i c a l l y active one i s not c e r t a i n ; we do, however, make t h i s 

i d e n t i f i c a t i o n i n the phonon a n a l y s i s ) . I t w i l l be shown i n 6.1 that 

the magnitude of absorption observed by Nagasawa and Shionoya s t a r t i n g 



.036 e.v. above the = 1 exciton i s 

s u f f i c i e n t ( t o the low accuracy involved) to indicate the .036 e.v. phonon i s 

probably the most important one involved i n the interband matrix element. For 

s i m p l i c i t y (and ease of obtaining a good f i t to the experimental points) we 

take i t to be only phonon involved. The shape of the absorption i s w e l l f i t t e d 
JL 

by an E 2 form, which indicates that the interband absorption i s independent of 

K. 
This i s i n contrast to the predictions f o r (intra-band) o p t i c a l phonon 

coupling f o r excitons, which are that the matrix element Varies as K f o r small 

K and 1 f o r large K (the change-over being i n the region K v ~ 1 where y i s 
K e e 

the exciton radius) 

Because of the fundamental r e l a t i o n between phonon creation and anni-

h a l a t i o n the r a t i o between absorption with ( s i n g l e ) phonon emission and 
(sin g l e ) phonon absorption has the f a c t o r ewfhwl. There w i l l also\a f a c t o r 

Ml A 

1 whereJJis the photon energy and E i the (weighted) average energy 
(Ei -Jl)2 

of the possible intermediate states. JL d i f f e r s by 2hu>for phonon emission and 

absorption, so that only i f E i -Jl>> h u w i l l t h i s f a c t o r be n e g l i g i b l e . 

The b i g (intraband) o p t i c a l phonon i n t e r a c t i o n associated with the 

creation of the exciton w i l l be present i n a d d i t i o n to the interbank phonon 

i n t e r a c t i o n . The absorption to the n = 1 exciton i s thus charactised by two 

superimposed groups of parts, each group having parts w i t h absorption given 

by Eagles theory with the parameter D*. 

3.5.4. Temperature dependence of the absorption edge. 

I n polav" semiconductors l i k e SnO,,, the most important c o n t r i b u t i o n to 

the temperature v a r i a t i o n of the band gap i 3 generally taken to be due to the 

e l e c t r o n - l a t t i c e i n t e r a c t i o n . For materials w i t h only one I.R. active ( l o n g i 

t u d i n a l ) o p t i c a l .phonon, the change i n band gap, ̂ E i s taken as proportional to 



n = 1 (3.5.3.) 
exp (ti o j j / k T ) - l 

This expression was applied to SnO^ by Summitt and B o r r e l l i (1966) 

to i n t e r p r e t t h e i r absorption ftdge measurements over the- range 20°K - 1300°K. 

They adjusted the phonon temperature t o obtain a best f i t f o r l a n d / / absorption. 

They found &x (= "hu^ ) = 414.7°K and 0f/ = 195.8°K . I t i s one of the purposes 
~k~ 

of t h i s section to show t h i s i n t e r p r e t a t i o n to be wrong, and thaJ'different 

phonon temperatures are not required, f o r the two po l a r i s a t i o n s . 

Contribution of the three phonons 

A simple extension of (3.5.3*) to cover three phonons i s 

AE G = c 1 n^ + c 2 n ? + c^ n^ (3.5.4) 

where the n are given by (3.5.3) w i t h the appropriate energies, and the c^ c^ 

and c^ are constants. Eagles (.1966) discusses atomic displacements i n the neigh

bourhood of a polaron due to a p a r t i c u l a r phonon branch. He obtains (equs 

5«19, 5.20 and 5.13) the displacements as being proportional to 

The n a t u r a l extension to 3 phonons i s to use our weighting f a c t o r 

f o r ~ t h e contrubution to 1 _ _ 1 _ by each phonon. For small amplitudes, 

energy i s always a quadratic function of displacement«•.. We therefore take 



11 

each phonon co n t r i b u t i o n as being proportional to 

where the d e f i n i t i o n of the b i g bracket i s given i n 3«3- We thus obtain 

c1 i c 2 : c^ = 1 s 8.3 s 6.8 

288 371 722 

where the numbers under the c's are the phonon energies i n cm"'''. 

To obtain reasonable agreement with the high tempsrature data of Summitt 

and B o r r e l l i and w i t h the change i n band gap between R.T. and 1.3°K found to 

give best agreement with experiment, the f o l l o w i n g values of the c's are 

taken 

= .048 e.v. c 2 = .40 e.v. c^ = .327 e.v. 

Su b s t i t u t i n g i n (3.5.4.) we get (296°K) = .0157 + .0792 + 

.0101 = .105 e.v. 

This agrees w i t h the value found i n 6.1 We require i n 6.1, A B (90°K). This 

i s .0016 e.v. 

Summitt and B o r r e l l i only published t h e i r actual r e s u l t s as f a r as 550°K, 
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but from t h e i r f i t t e d theoretical curve t h e i r r e s u l t s to 1300°K can 
be estimated. We therefore evaluate fiE^ at 550°K and 1300°K. 

flE0 (550°K)= .0425 + .244 + .0581 = .345 e.v. 

0 E S (1300°K)= .128 + .790 + .267 =1.185 e.v. 

I f the measured B h i f t i n the absorption edge of Summitts and 

B o r e l l i i s equated w i t h &Ey , then they measured: 

i . » n 

aE^ (296°K) = .155 .225 e.v. 

ftE^ (550°K) = .44 .53 e.v. 

and i t can be inferred 

&E, (1300°K)=1.36 1.42 e.v. 

We s h a l l now q u a l i t a t i v e l y discuss why these measured values 

d i f f e r from each other and from our theoretical ones. We have not 

yet done the numTJerical calculations for 550°K and 1300°K. They would 

best be done by computer. 

Summitt and B o r r e l l i measured the energy where the absorption 

was ~75 cm \ This w i l l s h i f t with temperature for two reasons. 

F i r s t the band gap changes and second the magnitude and shape of the 

absorption changes. The l a t t e r i s completely worked out for 296°K, 

1,3°K and 90°K i n 6.1. The la r g e s t factor causing the magnitude to 

change i s the increase of phonon absorption as the temperature r i s e s . 

For the continuum this s h i f t s absorption to lower energies while 

leaving the integrated absorption constant. For the (n=1) exciton i t 

increases the t o t a l integrated absorption (though presumeably s l i g h t l y 



reducing the absorption around the energy of the intermediate s t a t e s ) . 

I t iB t h i s increase of ezciton absorption that i s the biggest factor i n 

sh i f t i n g the apparent absorption edge f a s t e r than the band gap. 
u 

The reason f or the bigger s h i f t of the // edge can be seen to 

be due to i t s smaller slope oft the log absorption plot. An equal 
-1 u 

increase i n absorption magnitude would s h i f t the 75 cm point on the// 

curve more than twice as f a r as on the j . curve. The apparently 

different phonon temperatures of Summitt and B o r r e l l i can be accounted 

for i n this way. 

Absorption Edge at 13Q0°K 

Without doing the f u l l c a l c u l a t i o n for the highest temperature 

(1300°K) we can use an approximation for t w <. kT given by Eagles (1963) • 

He stated the dependance of R^ on p i s given by 

R oc exp 
L -W4DW) ( p - D ) 2 ^ 

Elsewhere Eagles states ^.^=1, so that i t can be seen by integration 

that at high temperatures 

R = - exp Q-(txu;/4DkT) ( p - D r ] (3.5.5) 
v kT 

where K i s a constant indepe»ndant of T. This shows the maximum 
1 

only varies slowly with T t i . e . as T-*7. Consideration shows that as an 

order of magnitude etf the absorption parts with a major contribution at 

the energy where t o t a l absorption i s 75 cm-^ have a value of R^ which i s 

about l/lOO of the maximum value of Rp ( i . e . the value at p=D$ i f only 

a single phonon branch were involv-ed),-.-.^ From (3.5.5) Rp i s l/lOO i t s 

MUM 



maximum value when 

h w ( p - D) = 2.15 J 4 D hwk T 

As i t i s B hw that appears, we s h a l l take Z.Dnw to allow f o r the 3 phonons. 

Although the integrated exciton absorption i n c r e a s e s as (2n + l ) i t seems that 

t h i s i s more than compensated ( a t high temperatures) by the smaller smearing 

out e f f e c t of a smaller D. We therefore s u b s t i t u t e 2Dnw= .53 e.v. as a t y p i c a l 

continuum iralue, kT = .112 e.v. and get 

"nw (p - D) = .99 e.v. 

At 0°K Hp i s /lOO of i t s maximum value when 

W (p - D ) ~ .5 e.v., 

and the exciton absorption s h i f t s the 75 cm ^ point about .05 e.v. to lower 

energies. The approximate c a l c u l a t i o n therefore gives the s h i f t of the 75 cm-'*' 

point with respect to the band gap as .44 e.v. The f i g u r e s given e a r l i e r 

y i e l d e d a s h i f t of .18 e.v. ( i e d g e ) and .24 e.v. ( // edge). More c a r e f u l 

consideration would probably show that the T"*̂  terra i n (3*5.5«) would lead to 

a l a r g e r f r a c t i o n a t high temperatures than the assumed ^/lOO, This would 

reduce the .44 e.v. f i g u r e . The main object of the c a l c u l a t i o n was to 

i l l u s t r a t e that a s h i f t of the absorption a t a p a r t i c u l a r value of K does 

not give a.good measure of the s h i f t of the band gap, and that our assumed 

values of , and c^ are reasonable. 

Polaron bandwidth 

I t should be said f i n a l l y that we have neglected any s p e c i f i c con

s i d e r a t i o n of the change i n the valence band polaron bandwidth. The bandwidth 

i s a t a maximum (of ̂  .24 e.v. with our f i g u r e s ) a t 0°K, reducing i n c r e a s i n g l y 

r a p i d l y at the temperature r i s e s ( i t i s ~ . 1 2 e.v. a t R.T. with our f i g u r e s ) . 

The p o s i t i o n i n the hopping region (T li u ; ) i s not so c l e a r . 
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I f the s h i f t s of band gap given by (3.5.4.) apply to the centre of the 

top valence band then the changing bandwidth would contribute a term which increased 

the true band gap with increased T. The term would not be l i n e a r i n n F but 

would be .12 exp - j | ^ 2 n ( S q 2 + s

1 2 \ } ' * h e S U m b e i n g o v e r t h e ^ r e e 

phonons. 
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•4-. 1 C r y s t a l Growth 
Sn0 o i s a compound r e f r a c t o r y m a t e r i a l which, as 

f a r as i s known, has never been s a t i s f a c t o r i l y l i q u i f i e d , 
and sublimes, or d i s s o c i a t e s i n t o gaseous"SnO and 0 o, when 
heated t o temperatures> * 1600°c. This e f f e c t i v e l y r u l e s 
out growth from the melt and although v a r i o u s other methods, 
such as growth from a s o l u t i o n , have been i n v e s t i g a t e d by, 
among o t h e r s , J,A. Marley and T.C. MacAvoy ("1962), growth 
from the vapour has been the most successful so f a r . I t 
i s also a method w i t h v e r y wide a p p l i c a t i o n i n c r y s t a l growth 
i n g eneral. 

SnCU growth at Durham was s t a r t e d using the general 
techniques developed t h e r e f o r CdS under Dr. J. Woods. Of 
vapour methods, the two obvious a l t e r n a t i v e s are t o use 
SnOg powder as s t a r t i n g m a t e r i a l or t o use metallic t i n and 
fo^m SnOp by a vapour phase r e a c t i o n w i t h 0 o. The d i f f e r e n c e 
between the two i s not l i k e l y t o be very g r e a t , as the 
c o n t r o l l i n g reaction at the p o i n t of c r y s t a l growth i s 
thought t o be the same f o r both (see e.g. Marley and MacAvoy 
1962):-

SnO + £ 0 2 ^ Sn0 2 (4.1.1) 
where the SnO i s gaseous. 

The most successful group a t growing SnOp from 
the vapour has been t h a t at the Corning Glass Works, U.S.A. 
(Marley and MacAvoy 1961 and 1962). Generally speaking 
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the scale of t h e i r e f f o r t has been l a r g e r and. t h e i r r e s u l t s 
b e t t e r than ours. Several comparisons and references w i l l 
be made w i t h t h e i r work. They used SnOp powder as s t a r t i n g 
m a t e r i a l and we used t i n . 
C r y s t a l Growing Apparatus 

The main, apparatus used at Durham i s sketched i n 
t+X it-.i. 

f i g . ^ 1 , and a t y p i c a l temperature p r o f i l e given i n f i g . ^ 2 . 
The l i m i t i n g f a c t o r s are mostly those imposed by the h e a t i n g 
element. This i s made of SiC (manufactured by Morgan 
Cruci b l e Co. L t d . ) . This has an o v e r a l l l e n g t h of S2 cms. 
and has a c y l i n d r i c a l shape of 6 cms. d i a . I t i s a semi
conducting r e s i s t a n c e element w i t h a s p i r a l cut c e n t r a l 
r e g i o n of 30 cms. l e n g t h , which d i s s i p a t e s most of the heat. 
The hot s p i r a l cut re g i o n was not allowed t o touch a n y t h i n g , 
so the ceramic tube immediately i n s i d e the element was 
suspended c l e a r . This tube was made of alumina and had 
to be of s u b s t a n t i a l l y smaller diameter than the element 
t o allow clearance even a f t e r a c e r t a i n amount of bending 
at h i g h temperatures. I t s diameter was L\-.2 cms. I t was 
advised, as a s a f e t y measure, t h a t a c t u a l c r y s t a l growth 
should take place i n s i d e y e t another tube. This was so 
t h a t the growing tube could be i n s e r t e d and removed w i t h o u t 
f e a r of damaging the expensive ( <*' £.50) element, and so t h a t 
i f the growing tube cracked open, the element would, again, 
be spared. This i n n e r tube was made of M u l l i t e , an 
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aluminium s i l i c a t e (again by 'Morgan C r u c i b l e ' ) , and of 
l e n g t h 97 cms. and i n t e r n a l diameter 2.5 cms. Again, 
because of bending, the diameter could not be chosen t o 
be too t i g h t a f i t . 

The element also r e s t r i c t e d the temperature p r o f i l e 
t o one basic shape, w i t h temperature as the only v a r i a b l e . 
Mariey and MacAvoy, using a tapped Pt-Rh element were able 
t o achieve a v a r i e t y of p r o f i l e s , and i n p a r t i c u l a r used one 
w i t h a steady, low temperature g r a d i e n t of < 15°c7 in . 

F i n a l l y , the element r e s t r i c t e d the temperature 
a v a i l a b l e . The l i f e t i m e of the element was quoted as 
v a r y i n g r a p i d l y w i t h temperature. A maximum temperature 
of 1500°G was recommended f o r short periods only, and 
considerably l e s s f o r long p eriods. A r e l a t e d d i f f i c u l t y 
was t h a t h i g h temperatures produced a r a p i d increase of the 
re s i s t a n c e of the element. I t may be t h a t the mass of 
c r y s t a l produced i n the l i f e t i m e of an element i s roughly 
independent of the temperature used, as the vapour pressure 
of t i n roughly doublesevery 4-0°C which i s roughly how the 
l i f e t i m e v a r i e s . 

The i n e r t gas (Argon) i s i n t r o d u c e d through a short 
small bore m u l l i t e tube and the oxygen i s introduced a t , or 
j u s t beyond, the h o t t e s t p o i n t by another m u l l i t e tube. 
The choice of M u l l i t e f o r the growing tubes was l u c k y , as 
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l-larley and MacAvoy found t h a t i t anchored the c r y s t a l s much 
b e t t e r than alumina. 

The boat (made of alumina) f o r h o l d i n g the t i n was 
placed about 10 cms. behind the t i p of the oxygen tube, at 
what was considered t o be a compromise between o b t a i n i n g 
the maximum temperature f o r the t i n and not a l l o w i n g 
appreciable q u a n t i t i e s of oxygen t o come i n contact w i t h 
the t i n . The t i p of the oxygen tube could not be moved too 
f a r t o the r i g h t as then growth would take place i n a r e g i o n 
of steep temperature g r a d i e n t and lower absolute temperature. 
The former produce's lar g e numbers of n u d e at i o n centres 
because most of the SnO vapour i s swept s l i g h t l y beyond the 
t h e o r e t i c a l e q u i l i b r i u m p o i n t f o r c r y s t a l growth, and, due 
t o the steep temperature g r a d i e n t a c t u a l l y condenses at a 
p o i n t where there i s considerable s u p e r s a t u r a t i o n . The 
lower temperature i s considered bad because d i f f u s i o n 
c o e f f i c i e n t s are smaller and d e f e c t s are more l i k e l y t o be 
f r o z e n i n . 

The power supply f o r the element consisted of a 
m u l t i - t a p p e d auto-transformer. The furnace r e q u i r e d about 
1.5 kW t o reach 1450°C and as the element r e s i s t a n c e was 

2 Ohms ( v a r y i n g w i t h age) the t r a n s f o r m e r s u p p l i e d 
30 Amps a t ~ 50 V o l t s . I n i t i a l l y the furnace was run 

d i r e c t from the t r a n s f o r m e r , but t h i s was found t o have three 
disadvantages:-
(1) The power supplied v a r i e d as the square of the mains 



v o l t a g e , which v a r i e d a few percent ( i n a d d i t i o n t o 
voltage reductions d u r i n g January 196$ due t o c o l d 
weather, when some of these e a r l y runs were t a k i n g 
p l a c e ) . 

(2) The ageing of the elements caused a steady r e d u c t i o n i n 
power. 

(3) I t took about 5 hrs t o get f u l l y up t o steady temperature. 
For these reasons, a c o n t r o l c i r c u i t was i n s t a l l e d 
c o n s i s t i n g of an 'Ether' ' T r s n s i t r o l ' ' a n t i c i p a t o r y ' 
temperature c o n t r o l l e r which switched a mercury r e l a y 

and used a Pt-Hh (5$ - 20?i) thermocouple. I n an 
attempt t o o b t a i n f i n e r c o n t r o l , only about 20$ of 
the power was switched by means of the c i r c u i t i n f i g . 3. 

j i—'WVw—L 
Fig-A 3 i * W ^ 

I 

The r e s i s t o r d i s s i p a t e d about 300 watts and was made 

of Kanthol wire wound on a ceramic'former. 
Sometimes the a n t i c i p a t o r y a c t i o n would not work 

p r o p e r l y and the temperature would o s c i l l a t e 5 - 10°C w i t h 
a p e r i o d of a few minutes. This may have been due t o the time 
between the " i ' r a n s i t r o l 1 s w i t c h i n g and a s i g n i f i c a n t cr.ange 

i o n 
o c c u r r i n g i n the correP.t d i r e c t / , at the thermocouple, being 
too long f o r the ' a n t i c a p t o r y ' c i r c u i t . The r e s u l t was 
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probably worse than i f a simple on-off type of c o n t r o l l e r 
had been used. I n s p i t e of the a t t e n t i o n of the 'Ether' 
s e r v i c e engineer t h i s was never p r o p e r l y cured. The 
thermocouples were placed between the alumina tube and the 
growing tube, and so the temperature o s c i l l a t i o n would be 
l e s s i n s i d e the m u l l i t e tube than at the thermocouple. 

Argon was mostly used as the c a r r i e r gas. This 
was claimed by the manufacturers t o be 99.995$ pure, and 
so oxygen contamination from t h i s source should be minimal. 
Because, however, the oxygen i s i n t r o d u c e d < -v 10 cms 
beyond the t i n boat, t h e r e i s a chance some oxygen may f i n d 
i t s way back. For p e r f e c t l y uniform f l o w down the tube, 
and f o r the f l o w r a t e s used, Qilly a n e g l i g i b l y small amount 
of oxygen should d i f f u s e back a distance of t h a t order. 
However when eddy c u r r e n t s and t u r b u l e n t f l o w are considered 
the p o s s i b i l i t y of appreciable oxygen f i n d i n g i t a way t o the 
t i n boat cannot be excluded, although no c a l c u l a t i o n s have 
been done. That t h i s i s l i k e l y i s shown by the f a c t t h a t 
sometimes the t i n boat a f t e r a run was found t o be p a r t i a l l y 
covered w i t h white very t h i n Sn0 o needles, and even more 
by the f a c t t h a t c r y s t a l s could sometimes be seen forming 
on the t i n boat d u r i n g growth. 

I t was p a r t l y because of t h i s , but mainly because 
of d i f f i c u l t y i n evapofcrating Cr f o r doping purposes, t h a t 
at one stage the argon was passed through a d r y i n g tower 
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and over hot copper t o remove water and oxygen. I t was 
suspected t h a t an oxide l a y e r was forming on the Chromium 
(which was placed j u s t i n s i d e the t i p of the Argon t u b e ) . 

At the time of c r y s t a l growing i t -was b e l i e v e d t h a t 
the vapour pressure of SnOp was much lower than Sn, and 
t h a t t h e r e f o r e the f o r m a t i o n of SnOp on the Sn was bad. 
The a n a l y s i s below shows t h a t the t r a n s p o r t r a t e should be 
a maximum when SnOp i s j u s t growing i n the r e g i o n of the 
boat. 

One i n c i d e n t a l observation which shows t h a t t h e r e 
i s very l i t t l e oxygen i n the argon and t h a t very l i t t l e 
leaks i n , was the e f f e c t of t u r n i n g o f f the oxygen f l o w 
d u r i n g the h e a t i n g up p e r i o d . When the temperature was 

1200 - 1300°G a curious growth took place at the f a r end 
of the tube i n q u i t e a cool region estimated at 900 - 1000°G. 
l u had a f u r r y or f e r n l i k e appearance as i n f i g . '+ and q u i t e 
grew " r a p i d l y u n t i l the 'whole cross s e c t i o n of the tube was 

f i l l e d w i t h i t . When removed and analysed i t t u r n e d out 
t o have very l i t t l e - mass, but x-ray powder photographs 
showed i t t o be a mixture of SnO^ and p - t i n . The two 
f a c t s , namely t h a t the growth r e g i o n was comparatively 
c o o l and t h a t there was t i n i n at l e a s t comparable 
q u a n t i t i e s t o Sn0 o showed t h a t there can be very l i t t l e 
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I n the l a t t e r case, the c o n t r o l l i n g r e a c t i o n w i l l once again 
be the above chemical r e a c t i o n (4.1.1). 

where P ( 0 2 ) and P(SnO) are the p a r t i a l pressures of oxygen 
and SnO r e s p e c t i v e l y and K(T) i s an e q u i l i b r i u m constant 
which i s s t r o n g l y dependent on T. I f Sn0 2 i s being evaporated 
i n an i n e r t atmosphere, then P(GO = -3- p(SnO) and so:-

i£(T) can be c a l c u l a t e d from thermodynamic data, but t h i s 
w i l l not be done here f o r the sake of b r e v i t y , and because 
of the d o u b t f u l accuracy of the data and the p o s s i b i l i t y of 
other chemical r e a c t i o n s ( i n v o l v i n g e.g. Sn or SnOp vapour) 
p l a y i n g a s i g n i f i c a n t p a r t . Prom such thermodynamic data., 
Marley and HacAvoy c a l c u l a t e t h e i r graph of the vapour pressure 
of 3n0 2. I t can be seen from (4.1.1.) t h a t i f the ambient 
pressure of oxygen i s > P(SnO), then p(SnO) w i l l be reduced 
and w i l l be given by:-

To get some idea of the e f f e c t of the oxygen pressure 
on the d i f f e r e n t processes, the e q u i l i b r i u m equation f o r 
the above r e a c t i o n i s of the form-.-

[ p ( 0 2 ) j [p(SnO)] 

(SnO) = [ 2 K ( T ) ] v 

P r q n f V i r, v. J. ; pro;) 
[p(SnO) ( i n e r t gas)^l 5/2 
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where P(SnO) ( i n e r t gas) i s the pressure of SnO over Sn0 2 

when s t i o c h i o m e t r i c r a t i o s of SnO and 0 o are present. 
Thus i f P(SnO) ( i n e r t gas) = 10 am Hg, and P ( 0 2 ) = 

750 mm Hg, then P(SnO) i s reduced by a f a c t o r of 12.5 by the 
presence of oxygen (Marley and MacAvoy c a l c u l a t e a r e d u c t i o n 
of 15-2 at 1525°C, and observe one of about 10). At lower 
temperatures (and hence pressures) the r e d u c t i o n i s , of course, 
more. As the graphs of l o g p against 1/̂ p are rough l y 
p a r a l l e l f o r Sn and Sno 0 ( n e u t r a l gas), and are approximately 
a f a c t o r of SO ap a r t , i t would seem t h a t the r a t e of growth 
from SnOp i n an oxygen atmosphere and from Sn i n a n e u t r a l 
atmosphere should be about equal f o r P(Sn)o) ( n e u t r a l gas) 

9>1mm Hg, or T ~ 1/+00°G. This i s roughly the temperature 
f o r evaporating Sn used at Durham, see f i g . 2 (the temperature 
i s herd t o assess, as the c o o l i n g e f f e c t of the f l o w of n e u t r a l 
c a r r i e r gas on the t i n i n the evaporating boat i s an u n c e r t a i n 
q u a n t i t y ) . I t i s i l l u m i n a t i n g t o consider what happens, 
f o r temperatures of t h i s order, as the presence of oxygen i n 
the c a r r i e r gas i s g r a d u a l l y increased. Provided the 
f l o w r a t e i s slow enough (see below), every oxygen molecule 
passing the t i n boat w i l l take p a r t i n t h i s r e a c t i o n 

Sn -i- iK'Op) ^ SnO, 
which thermodynamic data suggests i s h e a v i l y weighted t o 
go t o the r i g h t . So, as the oxygen pressure i s increased, 
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a k i n d of pseudd-equilibrium i s obtained above the t i n 
boat across the cross s e c t i o n of the tube. I f t h i s does 
not occur, the t h e o r y should s t i l l be q u a l i t a t i v e l y t r u e . 
'The v a l i d i t y of the assumption can be roughly seen by 
comparing: the time an atom takes t o d i f f u s e across the tube, 
w i t h the time the general f l o w takes t o pass the t i n boat 
area. The d i f f u s i o n time can be roughly obtained from the 
general p r i n c i p a l i n d i f f u s i o n t h a t the distance t r a v e l l e d 
v a r i e s as the square r o o t of the time. The basic u n i t of 
distance i s the mean f r e e path, and the basic u n i t of time 
i s the time taken t o t r a v e l the mean f r e e path. The mean 
f r e e path i n a i r at Q°G i s 5 :•: 10~°cms, so t h a t at ']7 0 0 ° K 

i t i s •'-!• 10~-''c;:is. The v e l o c i t y of the heaviest (and 
t h e r e f o r e slowest) atoms i n v o l v e d , Sn, i s ~ c ! :•: 1 0 cm / sec 
at 0°C and so i s ~ 5 x 1 0 4 cn/sec at 1?00°K. Therefore the 

- 1 n 

basic u n i t of time i s 3 x 1 0 sees. The distance we are 
i n t e r e s t e d i n i s <* 5 y- 1 0 ' mean f r e e paths, t h e r e f o r e the time 
i s N 8 x 1 0 " l 0 x ( 5 x 1 0 v ) 2 =*2 sees. I f the l e n g t h of the 
t i n boat area i s taken as 4- cms ,̂  maximum speed of 2 ens/sec 
i s a r r i v e d a t . I f the area of cross s e c t i o n i s 5 so cm a f l o 
of 600 c.c./min at 1700°K which corresponds t o 1 0 0 c.c./min 
at E.T. Flow r a t e s a c t u a l l y used were of t h i s order, and 
so c a l c u l a t i o n s based on pseudo e q u i l i b r i u m are l i k e l y t o 
give t r a n s p o r t r a t e s t h a t are ap p r e c i a b l y r i g h t , but a 
l i t t l e too h i g h , e s p e c i a l l y f o r h i g h e r f l o w r a t e s . 



Comparison between t r a n s p o r t r a t e s achieved by Marley 
and HacAvoy and a t Durham are too d i f f i c u l t and i n v o l v e too 
many unknowns t o be able t o say v/hether our r a t e corresponds 
t o the vapour pressure of l i q u i d t i n or s o l i d SnO^. Their 
higher temperature (1650°0) i s c e r t a i n l y the biggest f a c t o r 
i n t h e i r t r a n s p o r t i n g more m a t e r i a l i n l e s s time. 

T h e i r low thermal g r a d i e n t probably allows them t o 
get fewer and bigger c r y s t a l s , and t h e i r use of helium they 
c l a i m gives them more p e r f e c t c r y s t a l s . The l a t t e r i s s a i d 
t o be due t o the h i g h thermal c o n d u c t i v i t y of helium which 
keeps the c r y s t a l s at more constant temperatures and prevents 
l o c a l hot spots and r e f e v a p o r a t i o n . 
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continued) 

Growth using the v e r t i c a l furnace 

A v a r i a t i o n on the above method of c r y s t a l 
growth was t r i e d i n which a v e r t i c a l furnace of broadly 
s i m i l a r c o n s t r u c t i o n 'was used. The furnace element 
manufacturer claimed a s l i g h t l y h i g her ( 1550°C r a t h e r 
than 1500°C) 'maximum' temperature f o r t h i s design, which 
was one of the a t t r a c t i o n s of u s i n g i t . The idea was t o 
use a closed-end f i u l i i t e tube i n the bottom of which the 
s t a r t i n g t i n m a t e r i a l was t o r e s t , and when the working 
temperature was reached an e q u i l i b r i u m was t o be e s t a b l i s h e d 
between the Sn or SnO vapour d i f f u s i n g upward and the 
oxygen d i f f u s i n g downward a f t e r passing through cracks 
round the edge of an alumina l i d . An a l t e r n a t i v e was t o 
do away w i t h the l i d and have a narrow bore m u l i i t e tube 
passing down the tube t o w i t h i n an i n c h or two of the 
bottom and through which argon could be passed. A small 
f l o w of argon was passed d u r i n g warming up t o prevent the 
o x i d a t i o n of the t i n and at working temperature t h i s i s 
reduced or stopped t o allow oxygen i n . I f , d u r i n g t r i a l 
runs, a s k i n of SnCU forms on the t i n surface t h i s can 
be broken w i t h the argon tube. 

I t was hoped t h a t t h i s method would increase the 



r a t e of growth by working at a hi g h e r temperature and. 
having a l a r g e r surface area of t i n (the tube i n t e r n a l 
diameter was M- cms) . The v a r i a t i o n of method might 
also produce changes i n c r y s t a l h a b i t and p e r f e c t i o n . 

Theory, and comparison of r a t e of t r a n s p o r t i n the two 
furnaces 

A p i c t u r e of what should happen i n the v e r t i c a l 
furnace when dynamic e q u i l i b r i u m i s e s t a b l i s h e d ( w i t h 
no argon f l o w ) i s as shown i n f:i.ĝ 7« 

There i s a background of almost atmospheric 
pressure of n i t r o g e n , and the p i c t u r e assumes t h a t only 
vapour d i f f u s i o n ( r a t h e r than convection) i s important 
and t h a t the r e a c t i o n Sri + -5-Op ̂  SnO i s h e a v i l y weighted 
t o the r i g h t . The f l o w of oxygen atoms down the 
c o n c e n t r a t i o n (and hence pressure) g r a d i e n t t o the r i g h t 
of the re g i o n of S n 0 o growth i s twice t h a t - t o the l e f t of 
t h a t r e g i o n because of the two stages i n the o x i d a t i o n 
of t i n . The atomic f l o w down the t i n vapour g r a d i e n t 
equals t h a t down the f i n a l oxygen gradient, because they 
combine t o form SnO. The pressure g r a d i e n t s are roughly 
equal because the oxygen molecules have about twice the 
v e l o c i t y of t i n atoms, but the r e are two oxygen atoms t o 
an oxygen molecule. The SnO g r a d i e n t between the two 



r e a c t i o n s roughly equals the Sn g r a d i e n t because both 
represent the same atomic t i n f l o w . An estimate of 
the parameters can be obtained as f o l l o w s . Assuming 
the l e n g t h of the tube i s 20 cms, the vapour pressure 
of t i n i s 2 mm and the p a r t i a l pressure of oxygen i s 
200 mm at the tube mouth, then the p o i n t of SnO f o r m a t i o n 
i s about /E;Q of the tube l e n g t h , i . e . 0.z!- cms, from 
the t i n surface. This distance has been used i n an 
approximate t h e o r y (not given here) used t o compare 
the f l o w r a t e s i n the two furnaces. The th e o r y i s based 
on the general approaches used i n t h i s s e c t i o n . I t 
estimates t h a t the v e r t i c a l furnace should produce SnO,-. 
at about 30 x^the h o r i z o n t a l furnace f o r the experimental 
arrangements described. One i n t e r e s t i n g f e a t u r e of the 
v e r t i c a l furnace arrangement i s t h a t the t r a n s p o r t r a t e 
i s independent of temperature. The e f f e c t of lowering 
temperature i s t o s h i f t growth c l o s e r t o the t i n surface 
and so increase the p r o b a b i l i t y of forming a s k i n of 
SnO., on the t i n surface. Qjgie o a r t i a l pressure of SnO 
i s obtained from the r e a c t i o n formula [p(SnG)^^ £p(0 o Vj = 

K(T) i n the r e g i o n of c r y s t a l growth. I f the vapour 
pressure of Sn0 o ( i n e r t gas) ( i . e . the pressure of SnO 
and 0o above SnO.-, i n the presence of an i n e r t gas only) 
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i s , say, 10 x that of t i n , then the region of Sn0 2 growth 

s t a r t s n e a r l y 10 x f u r t h e r from the t i n surface than the 

point of formation of SnO. 

P r a c t i c e 

Only about two experimental runs with the v e r t i c a l 

furnace were done at Durham which produced i n about 12 hours 

c r y s t a l s of s i m i l a r s i z e to those r e q u i r i n g about a week 

with the other method. There seemed to be a tendency to 

form a s k i n of SnOg on the t i n , presumably because of the 

presence of too much oxygen at too low a furnace temperature, 

or because of eddy cu r r e n t s of oxygen. The comparison of 

flow r a t e s i s complicated by the presence of the s k i n of 

SnOp, and the agreement with theory must count as s a t i s f a c t o r y 

i n the circumstances. However, not n e a r l y enough was done 

to e s t a b l i s h a coherent experimental p i c t u r e . The work 

was discontinued because the t i n attacked the m u l l i t e and 

the bottom f e l l out of the tube. T i n had been placed i n 

d i r e c t contact with m u l l i t e i n e a r l y work on the h o r i z o n t a l 

furnace without d i s a s t r o u s r e s u l t s , so the d i f f e r e n c e i s 

presumably due to the higher temperature (the e a r l y work 

was done at a temperature over 100°0 lower) or greater 

weight of t i n . 

The account of t h i s method i s presented here l a r g e l y 



as a p o s s i b l e help to future experiments i n choosing a 

method of c r y s t a l growth. The method has s e v e r a l 

advantages, but one disadvantage not already mentioned 

i s the d i f f i c u l t y of introducing c o n t r o l l e d amounts of 

impurity. 
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4.2. C r y s t a l Habit 

Three major d i f f e r e n t h a b i t s were produced: rods, 

p l a t e s and needles. Determining the exact l o c a t i o n of 

d i f f e r e n t growth zones was d i f f i c u l t because most of the 

growth occurred on the i n s i d e w a l l of the main m u l l i t e tube 

The bigger and b e t t e r c r y s t a l s f e l l out quite r e a d i l y when 

the tube was t i l t e d . The smaller c r y s t a l s required to 

be knocked out and so gave some i n d i c a t i o n of p o s i t i o n . 

Some c r y s t a l s , predominantly rods, grew on the end of the 

oxygen m u l l i t e tube, and the r e s t s t a r t e d a l i t t l e f a r t h e r 

downstream. 

Needles grew during lower temperature (^1350°C) 

runs and i n some circumstances during warming up, P l a t e s 

were the major growth ha b i t , but there were ne a r l y always 

some rods, perhaps r a t h e r more during higher temperature 

runs. 

These f a c t s l a r g e l y agree with Marley and MacAvoy 

(1962) who found three d i s t i n c t growth zones:-

rods 1620 - 1570°C 

p l a t e s 1570 - 1460°C 

needles 1460 - 1300°C 

The disagreement i s over the temperature. At no time 

was any part of our h o r i z o n t a l furnace above -* 1 500°C and 

c e r t a i n l y not 1570 UC. The explanation that comes to mind, 



apart from p o s s i b l e e r r o r i n temperature measurement, i s 

that the degree of s u p e r s a t u r a t i o n i s important as w e l l 

as the temperature. The f a c t s would best be f i t t e d i f 

a high degree of s u p e r s a t u r a t i o n caused a lowering of the 

t r a n s i t i o n temperatures. Marley and MacAvoy used a low 

temperature gradient and should have had a low degree of 

supersaturation. I n our arrangement, c l o s e to where 

oxygen i s admitted, there w i l l be a rapid change i n oxygen 

pressure, and hence i n the equilibrium pressure of SnO. 

This w i l l r e s u l t i n a high degree of sup e r s a t u r a t i o n , as 

w i l l the higher temperature gr a d i e n t s . 

The needles and rods both had t h e i r 0 axes along 

t h e i r length and the p l a t e s were ne a r l y always diamond 

shaped twinned c r y s t a l s as shown i n f i g ̂ 1 . The twin 

plane i 3 demonstrated by the observed equivalence of angles 

when the c r y s t a l i s r e f l e c t e d i n the long diagonal and the 

agreement to w i t h i n experimental accuracy (»v y°) between 

observed and c a l c u l a t e d angles i f i t i s assumed that the 

twin plane i s (013) and the s i d e s are (100) and (8l 1 ) . 

F u rther confirmation comes from the p o l a r i s i n g microscope 

which showed the optic ( c ) a x i s to be (ambiguously) 

e i t h e r p a r a l l e l or perpendicular to the s i d e s neighbouring 

the sharper end. The angle between the two optic axes 

was a l s o measured as 53° • 
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The twin p l a t e s were used most for o p t i c a l work. 

Thei r C a x i s adges often had (110; f a c e s at 45 to the 

plane of the p l a t e , which reduced t h e i r u s e f u l area f o r 

t r a n s m i s s i o n measurements, but otherwise t h e i r o u t l i n e s 

were often n e a r l y p e r f e c t with maybe a very small part of 

a t i p broken of f where the c r y s t a l had been anchored to 

the tube. Apa.rt from t h a t , the p l a t e s were not p e r f e c t 

i n a t l e a s t three ways. The twin plane was often m u l t i p l e , 

with the c r y s t a l o r i e n t a t i o n changing back and f o r t h s e v e r a l 

times over a f r a c t i o n of a mm. around the long diagonal: 

there was a l s o f a i r l y often an i r r e g u l a r shaped area of 

one o r i e n t a t i o n j u t t i n g i n t o or overlapping the wrong h a l f 

of the c r y s t a l , with the consequence that i t was impossible 

to get these areas to e x t i n g u i s h between crossed polaroids. 

The t h i c k e r c r y s t a l s p a r t i c u l a r l y were not of a b s o l u t e l y 

constant t h i c k n e s s : t h i s was shown up by i n t e r f e r e n c e 

methods and was a nuisance f o r t r a n s m i s s i o n measurements. 

Many c r y s t a l s , p a r t i c u l a r l y the t h i c k e r ones, contained 

small macroscopic voids, or other imperfections, which 

prevented the uniform transmission of l i g h t . 

These p l a t e s seem almost i d e n t i c a l with those 

grown by Marley and MacAvoy(1962). 
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4.3 Crystal Purity 

I n i t i a l l y the t i n starting material was only of "Analar" grade. Later 

purer metal was used. However, the method of crystal growing should considerably 

increase the purity due to d i s t i l l a t i o n , The oxygen and argon were usually 

taken straight from the commercially supplied bottle. 

Elsewhere i n the thesis i t i s shown from the defect absorption^ and 

from the absence of free ca r r i e r absorption,that the defect concentration i s 

probably not very high ( £ lO 1^ cm~^). I t i s argued i n 6.2 that the pre

dominant defect i s probably not a foreign atom, so the impurity concentrations 

should be considerably l e s s than the above figure. 

Two externally done analyses were made. The f i r s t was done using 

a mass spectrometer owned by B r i t i s h Titan Products Co. Ltd. The results are 

shown in table 4.3«1» i n p.p.m. by weight. The results were considered .accurate 

to within a factor of 3. Before submitting the material, i t was ground to a 

powder. Care was taken not to introduce impurities, but this may not have been 

sufficient. The f i r s t three samples were taken from different early undoped 

growth runs, the fourth and f i f t h were heavily and li g h t l y doped with Sb, 

respectively, the sixth was Cr doped and the seventh In doped. 

The Al and S i are l i k e l y contaminants from the mullite tube, and 

the Pe may be a contaminant from tweezers. Sb crystals give concentrations 
20 19 3 of about 10 and 2 x 10 cm , i n reasonable agreement with measurements 

19 -3 

on free carrier absorption. The Cr and In crystals both have about 10 cm . 

The second analysis was performed by chemical means at the Chemical 

Inspectorate, Royal Arsenal, Woolwich. Both powdered material (prepared i n a 

similar way to that sent for the f i r s t analysis) and single crystals were sent. 

The results are shown i n table 4.3.2. The single crystals were reported to have 

been powdered solely with the aid of plast i c material. The results are i n p.p.m., 
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Table 4.3.1. 

Samples 

3 4 5 6 7 
Na 150 500 150 15 150 150 150 
Al 1000 1000 500 100 100 100 100 
Si 1000 3000 1000 250 1000 1000 1000 
K 100 300 100 300 100 100 100 
Va 10 30 10 3 30 10 10 
Cr 0 0 <30 <30 < 30 < 30 85 <30 
Fe 300 500 100 300 1000 300 300 
Cu 66: <5 < 5 10 10 <5 <::5 
In <10 <10 <10 <10 <10 <10 200 

Sb 50 <10 <10 2000 400 100 <10 

Hg 10 •5 <:5 < 5 30 < 5 <5 
Pb 10 10 <10 <10 10 <10 <10 

Zr 50 50 50 50 50 50 50 

A l l other elements <10 

Crystals Powder 

Na trace • •5 trace . 5 

Ca 5 10 

Al 20 200 

Mg trace 5 trace 5 

Si trace 20 300 

Pe trace 50 50 

Ga n.d. 20 30 

Hg n. J . 50 200 

Tl trace 50 150 
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4.4 Grinding and P o l i s h i n g 

Although the as grown su r f a c e s were g e n e r a l l y 

good o p t i c a l s u r f a c e s , there were three reasons f o r wanting 

to grind and p o l i s h c r y s t a l s i -

(1) So that the same specimen could he measured a t 

s e v e r a l d i f f e r e n t t h i c k n e s s e s . 

(2) So that thinner c r y s t a l s of a reasonable area could 

be obtained. 

(3) So t h a t p a r a l l e l specimens could be obtained. This 

p a r t i c u l a r l y applied to h e a v i l y antimony doped c r y s t a l s 

of which only a few very non-uniform specimens were 

a v a i l a b l e . The removal of surface i r r e g u l a r i t i e s 

might a l s o be included under t h i s heading. 

I n f a c t not very many measurements were made using 

ground and polished specimens, l a r j e l y owing to i n i t i a l 

ignorance of techniques, l a c k of f a c i l i t i e s and the break 

up of c r y s t a l s . 

The c r y s t a l s were g e n e r a l l y mounted with "Lakeside 70" 

cement, but "Shellfce" and "Durofix" were a l s o t r i e d . I n i t i a l l y 

they were mounted on ordinary microscope s l i d e s , but l a t e r 

they were mounted on s i l i c a d i s c s . The l a t t e r wets with 

the object of po s s i b l y doing transmission measurements 

u s i n g the s i l i c a as a backing. The d i s c s were a l s o used i n 

a j i g o r i g i n a l l y b u i l t f o r E= Kahan of t h i s department and 
WW. 

shown i n f i g \ \ . The: c i r c u l a r rim a t the bottom keeps 



the j i g l e v e l , while pressure can be applied through the 

s l i d i n g c e n t r a l rod. The small s t e e l piece at the bottom 

screws onto the c e n t r a l rod, and has a hole through i t s 

centre, so that the specimens can be examined i n the 

p o l a r i s i n g microscope at i n t e r v a l s . S e v e r a l of these 

s t e e l pieces were s p e c i a l l y made. 

Grinding was done on p l a t e g l a s s using s u c c e s s i v e l y 

f i n e r SiC or alumina. The f i n a l p o l i s h i n g was done using 

diamond paste on a p o l i s h i n g pad mounted on p l a t e g l a s s . 

The grinding, being between two hard s u r f a c e s , cuts f e a t u r e s 

of roughly the s i z e of the p a r t i c l e s , r e s u l t i n g i n a mottled 

s u r f a c e . I t does, however, produce f a i r l y good l a r g e 

s c a l e f l a t n e s s . P o l i s h i n g , on the other hand, with the 

diamond p a r t i c l e s embedded i n a s o f t s u r f a c e , only produces 

f i n e s c r a t c h e s by the j u s t protruding p a r t i c l e s . The 

s o f t n e s s of the s u r f a c e , however, i m p l i e s t h a t l e s s hard 

areas w i l l be worn away more than harder areas and that 

sharp edges w i l l become rounded. T~i n oxide i s quoted as 

having a hardness number of 7 (and i s indeed used as a grinding 

powder) and i s harder than "Lakeside 70". The r e s u l t i s 

that the cement around the c r y s t a l gets polished away and 

the edges become rounded. There was a l s o a tendency fo r 

the edges of a c r y s t a l to break up when the c r y s t a l 
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t h i c k n e s s was^^Oyu , which p r o g r e s s i v e l y and quite 

r a p i d l y destroyed the c r y s t a l . 

Trouble was a l s o experienced with removing the 

cement. This i s because c a r e f u l temperature c o n t r o l i s 

necessary: i f i t i s cooked too hot i t 'burns' on and i f 

i t i s too cold i t won't flow e a s i l y and contains bubbles. 

Stk/ Suite W 
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4.5 Spectrometers and Polarisera 

4.5*1. Spectrometers 

Seven different spectrometers were used for transmission measurements 

and i n addition a small Hilger and Watts monochromotor was used i n conjunction 

with a polarising microscope, 

( l ) Optica C P 4 DR 

This machine, belonging to the Chemistry Department, was the one used 

most. I t i s a grating instrument, 800 mms focal length, with a double beam head 

used with a chart pen recorder, covering the range 2,000 - 10,000$. Two 

sources are incorporated; a tungsten lamp (75 V/atts) for the range 10,000 - 3,200& 

and a hydrogen lamp for the range 3,600 - 2,000&. The two photomultipliers are 

for the ranges 2,000 - 7,400& and 7,000 - 10,000&. / 

The principle of operation i s that rotating mirrors alternately send 

a chopped light beam through sample and reference c e l l s . Both beams f a l l 

on the same photomultiplier, whose output i s amplified and the two signals 

are then separated by a relay which i s synchronous with the rotating mirrors. 

A servo mechanism drives the s l i t s so as to keep the f i n a l reference signal 

constant, causing the amplifiers and recorder to work with the same order of magnitude 

signals whatever the conditions of operation. The r e c t i f i e d reference signal 

then supplies the potential across the pen recorder slide wire, against sjhich the 

sample signal i s automatically balanced, giving a measure of the ratio of the 

light i n the tiro beams. The l i g h t through the c e l l 3 i s nearly p a r a l l e l . In 

order to increase the light through the small area occupied by a single crystal 

holder was made with two quartz lens mounted on i t to focus the l i g h t . This 

attachment, however, was not made to work f u l l y s a t i s f a c t o r i l y . 

In order to prevent the s l i t s opening too far, thus giving poor resolution, 

the amplifier gain had to be turned high i f only a small crystal was used. In 
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extreme cases the s l i t s would be driven f u l l y open by the servo mechanism. 
When the gain was high, instrument noise became important, especially when 
the crystal absorption coefficient was large. I n i t i a l l y i t was assumed 
thatjresultant output was given by the square root of the sum of the squares 
of the noise and the signal, and many results were worked out on this basis. 
Rather d i f f i c u l t measurements to check this were l a t e r carried out, and i t was 
found not to be true. 

(2) A second Optica machine with slight differences from ( l ) was lat e r 

acquired by a group i n the Applied Physics Dept. This was used i n single 

beam mode for luminescence experiments. 

(3) Spectromaster 

This machine was acquired by the Chemistry Dept. and covers the 

range 0.6 - 25yu, but has poor resolution <lyu. The principle of operation 

of this instrument i s that the energy i n sample and reference beam i s kept 

equal by moving a "comb" in and out of the reference beam. The scale can 

be adjusted by a second comb i n the sample beam. When the instrument i s used 

with the small area of a single crystal, a small hole i n a blank i s required 

i n the reference beam. Because this small hole has dimensions similar to 

those of the "teeth" of the comb, the absorption scale i s not l i k e l y to be linear. 

For this reason this instrument was not much used for absorption measurements, 

but ealy for refractive index (interference) measurements. 

(4) Another instrument somewhat similar to the Spectromaster was U3ed 

in early work on refractive indices. I f only covered the range > 2yu. 

(5) Hilger and Watts. 

The Applied Physics Dept. posessed a Hilger and Watts prism monochromator. 

This was used with various prisms and detectors for absorption measurements. 
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(6) Barr and Stroud 

The Applied Hiysics Dept. acquired a Barr and Stroud grating 

monochromator. Most of the l a t e r free c a r r i e r absorption measurements were 

made with t h i s instrument* 

(7) Uhicam 

An o l i Unicam spectrophotometer was used for some very early measure

ments. I t was a single beam instrument with a b u i l t - i n mechanism for inserting 

into the beam f i r s t the sample and then the reference object. 

4.5.2. Polarisers 

The f i r s t polarisers used were sheet polaroid. The chief drawback 

of this i s i t s limited range. Around 4.OO0X i t has a complete absorption 

edge and above about 8,000$ i t loses i t s efficiency as a polariser. In 

addition i t s polarising efficiency i s not high just above the absorption 

edge, as i s shown by white lights appearing blue when viewed through crossed 

polaroids. 

Because of the limitations of polaroid a polarising prism was 

purchased from Hilger and V/atts. Because of the expense only one was purchased. 

The prism polarised effectively over the range i n which i t was used, i . e . 

2,900a" - 3yu. At shorter wavelengths i t transmitted a progressively smaller 

fraction of the li g h t . The prism was made of Galcite which absorbs strongly 

around 7yu. 

Using the prism i t was essential when doing absorption measurements 

to measure both with and without the crystal i n the beam. The measurement 

without the crystal then acts as the "100$" l i n e . This i s also advisable when 

using polaroid because different pieces of polaroid absorb differently. 

4.6 Crystal Holders and Cryostats 

The Optica and other spectrophotometers are primarily desigied for 
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liquids. To use small crystals some kind of holder i s necessary and for polarised 

light i t ' s design i s important. A special holder was designed and b u i l t to f i t 

into the Optica. The construction of i t ' s central part i s shown i n f i g . 4.6.1. 

With a plate crystal standing on the V notch (and resting, i f necessary, on 
<uiv4 (Kit V^v^erkai 

the v e r t i c a l metal sheet) the twin lin e i s almost horizontal^edge can be 

varied i n height so as to just block out the lower half of the twinned cry s t a l ; 
V 

The top inverted 9 mask i s adjusted so as to just frame the top half of the 

cr y s t a l . In this way nearly perfect diamond plates of any size can be mounted 

effectively. Also attached to the same stand of the holder i s the polarising 

prism mounted at the correct height and at such an angle that the plane of 

polarisation i s the same as that of the cr y s t a l . The holder was painted a 

matt black to minimise unwanted reflections. 

An alternative central part of the holder was a rotating device 

whose centre of rotation was at the same height as the prism. The centre of the 

rotating device consisted of a hole overvfchich a metal blank with a smaller 

hole could be placed. Over the smaller hole a crystal could be mounted. A 

pointer, which moved over a side marked i n degrees, was attached to the rotating 

device. This alternative arrangement was useful for plates that were not 

good twinned diamonds and which needed alignment with the plane of 

polarisation (see 4.7). 

For low temperature work a cryostat was constructed. A diagram of '.. 

the design i s shown i n f i g . 4.6.2. I t was designed to f i t into the Optica, 

and also to use the central parts of the holder described above. (The holder 

was s t i l l used to support the prism). The cryostat could be evacuated and 

then detached from the vacuu® pump so that i t could be placed i n the Optica. 

The evacuation serves two purposes: i t improves thermal insulation and i t 
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prevents condensation on the cr y s t a l . (The improved thermal insulation 
reduces condensation on the windows). The s i l i c a windows are sealed to 
the glass by wax. This seal sometimes gave vacuum trouble, as did the 
metal seal to the glass-to-metal seal and the glass-to-metal seal i t s e l f . I f 
the vacuum was good,one f i l l i n g with liquid nitrogen lasted 5 - 1 0 minutes. 

FIG. 4.6.1 
( sc rews o m i t t e d f o r c l a r i t y ) 

. i 

5 A 
3 

FIG. 4.6.2 



-̂.7 I n t e r f e r e n c e Methods 

I n t e r f e r e n c e f r i n g e s were f i r s t o b served 

by a c c i d e n t w h i l e d o i n g t r a n s m i s s i o n measurements. 

They were t h e n p u t t o use i n v a r i o u s ways f o r t h e 

f o l l o w i n g f o u r p u r p o s e s : -

( 1 ) ( R e l a t i v e ) r e f r a c t i v e i n d e x measurements. 

( 2 ) Specimen t h i c k n e s s measurements. 

( 3 ) Specimen q u a l i t y i n v e s t i g a t i o n s . 

( 4 ) L i n i n g up c r y s t a l axes w i t h t h e axes of 

p o l a r i s e r s . 

The methods can be c l a s s i f i e d as:-

( a ) M u l t i p l e beam i n t e r f e r e n c e , i n b o t h p o l a r i s e d 

and u n p o l a r i s e d l i g h t . 

( b ) B i r e f r i g e n t i n t e r f e r e n c e between c r o s s e d 

p o l a r i s e r s . 

( c ) As i n ( b ) ex c e p t u s i n g a p o l a r i s i n g microscope 

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

The d e t a i l s o f t h e methods are as f o l l o w s : -

( a ) T h i s method v/as used p r i m a r i l y f o r r e f r a c t i v e 

i n d e x measurements. For al m o s t p a r a l l e l l i g h t p a s s i n g 
UJA-

t h r o u g h a specimen as i n f i g ) ^ , f r i n g e s are produced wi 

maxima g i v e n by / l\JX =• 1 " t wbQ / where N i s an i n t e g e r 

and )n i s t h e w a v e l e n g t h . I f t h e b a n d w i d t h o f t h e 

l i g h t beam s a t i s f i e s t h e i n e q u a l i t y 



t h e n t h e i n t e r f e r e n c e p a t t e r n s due t o d i f f e r e n t 

w a v e l e n g t h s c i i a c e l each o t h e r o u t and f r i n g e s are 

n o t seen. So h i g h r e s o l u t i o n and/or t h i n 

samples are r e n u i r e d t o observe t h e f r i n g e s . 

A i r 

SnO 

A i r r 

F IG. 4.71. 
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3n0.~, i s t e t r a g o n a l and t h e r e f o r e u n i a x i a l l y 

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

th e beam i s a l o n g t h e c a x i s , t h e p o l a r i s a t i o n o f t h e 

l i g h t must be c o n s i d e r e d . The component o f l i g h t 

p o l a r i s e d w i t h i t s E v e c t o r i n t h e pl a n e c o n t a i n i n g 

t h e c a x i s and t h e d i r e c t i o n o f t r a v e l w i l l behave 

w i t h one r e f r a c t i v e i n d e x , and t h e o t h e r component 

p o l a r i s e d J. t o t h e f i r s t (and t o t h e c a x i s ) w i l l have 

a n o t h e r r e f r a c t i v e i n d e x . The l a t t e r i n d e x i s always 

t h e same, and t h e component o f l i g h t i s known as t h e 

o r d i n a r y r a y . The f o r m e r i n d e x v a r i e s f r o m b e i n g 

t h e same as t h a t f o r t h e J, ( o r d i n a r y ) r a y i n t h e 

l i m i t i n g case o f t h e c a x i s b e i n g i n t h e d i r e c t i o n o f 

t r a v e l , t o a maximum v a l u e ( f o r a ' p o s i t i v e ' m a t e r i a l ) 

or a minimum v a l u e ( f o r a ' n e g a t i v e ' m a t e r i a l ) when t h e 

c a x i s i s JL t o t h e l i g h t beam. T h i s i n d e x i s t h e one 

known as t h e e x t r a o r d i n a r y r a y . A l l e x c e p t one o f 

th e samples had t h e c a x i s i n t h e p l a n e o f t h e s u r f a c e 

and n ormal i n c i d e n c e was used, so t h a t t h e two i n d i c e s 

i n v o l v e d are t h e extreme ones. The r e s u l t a n t i n t e r f e r e n c e 

p a t t e r n e x p e c t e d i s t h e r e f o r e t h e sum o f t w o , w i t h 

d i f f e r e n t v a l u e s o f r\ i n e q u a t i o n 1 . I f t h e two 

h a l v e s o f a t w i n n e d c r y s t a l a re b o t h exposed t o t h e 

i o r t h e ecoor t o t h e c a x i s and t h e component i s 



beam, th i s too must be taken into account and prevents a single 
pattern being observed, even when polarised l i g h t i s used. When 
the two components are roughly equal i n magnitude, a beat pattern 
i s produced l i k e the example i n f i g 4.7.2. I f single c r y s t a l s are 
used with polarised l i g h t , and the^vector i s J. or // to the c 
axis a single pattern i s produced, with maxima given by equation 1. 
F i g 4.7.2. i s j u s t the algebraic addition of two such patterns, and 
i f fringes are counted i n such a pattern an extra fringe i s added 
on passing through each minimum for the component with small index, 
and a fringe subtracted for the component with large index. 
The fringe spacing through most of a group i s the average of the two 
separate patterns. 

Another requirement, for observing the fringes when the output 
i s integrated as with a spectroraeter^is that the specimen must be 
s u f f i c i e n t l y uniform i n thickness that fringes from different parts 
coincide. The c r i t e r i o n here i s iflL < 1 0 r /5t < — . (The 
low fringe contrast and the resolution requirements make observations 
d i f f i c u l t with a microscope). 

The maximum to minimum r a t i o for a single pattern (or the 
highest such r a t i o i n a beat pattern) i s given by ( I +d. R ) l 

( I - - f t ) l 

where oC i s the transmission i n one t r a v e r s a l of the c r y s t a l . 
This does not allow for 
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t h i c k n e s s v a r i a t i o n (see above) o r r e s o l u t i o n l i m i t a t i o n s . 

However, f r o m observed r a t i o s , an upper l i m i t can 

be p u t on a b s o l u t e a b s o r p t i o n (assuming t h e r e f r a c t i v e 

i n d e x ) and a l o w e r l i m i t on r e f r a c t i v e i n d e x . 

/ 
/ 

/ 

7B B O B / 

FIG. 4.73 FIG. 4.74 



( b ) Two P o l a r i s e r s . 

T h i s method was used m a i n l y f o r d e t e r m i n i n g 

t h i c k n e s s . 

I f two p o l a r i s e r s are used, one t o p o l a r i s e 

t h e l i g h t and one p l a c e d a f t e r t h e specimen t o a n a l i z e 

t h e emerging l i g h t , t h e n a d i f f e r e n t k i n d o f i n t e r f e r 
o n 

ence p a t t e r n can be produced, due t o t h e l i w f r i g e n e e 

o f t h e specimen. 

Con s i d e r f i g OA r e p r e s e n t s t h e -^vector 

of t h e p o l a r i s e d i n c o m i n g l i g h t . OB and OC r e p r e s e n t 

t h e d i r e c t i o n s o f p o l a r i s a t i o n f o r t h e two beams i n 

the c r y s t a l , t h e i r magnitudes b e i n g t h e r e s o l v e d 

components of OA. F i g . 4- shows t h e emerging l i g h t . 

The r e l a t i v e phases o f t h e two beams have changed due 

t o d i f f e r i n g r e f r a c t i v e i n d i c e s , so i f OB now r e p r e s e n t 

t h e E l e c t o r o f t h a t component a t i t s maximum, t h e n t h e 

E l e c t o r o f t h e o t i i e r component may be anywhere 

between OC and OC1 depending on sample t h i c k n e s s , 

w a v e l e n g t h o f l i g h t , and Uri-yof r i g e n c e . I f a second 
X 

p o l a r i s e r i s p l a c e d ^ t o t h e f i r s t t o accept l i g h t w i t h 
<i 

E l e c t o r a l o n g OA1, t h e n by e l e m e n t a r y geometry, t h e 

p r o j e c t i o n o f OB and OC on OA' are e q u a l , p r o v i d e d 

a b s o r p t i o n , r e f l e c t i o n and i n t e r f e r e n c e p r o p e r t i e s are 

t h e same, f o r t h e two components. The l i g h t 
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i n t e n s i t y i s o b t a i n e d by s q u a r i n g t h e sum of t h e s e 

p r o j e c t i o n s , and a v e r a g i n g over t i m e . F o r g i v e n 

sample t h i c k n e s s and l-arvef r i g e n c e , t n e phase depends 

on t h e w a v e l e n g t h and s i n u s o i d a l f r i n g e s are produced 

w i t h maxima g i v e n by 

where N Js as i n t e g e r and An t h e d i f f e r e n c e i n r e f r a c t i v e 

i n d i c e s . The minima have aero l i g h t t r a n s m i t t e d and 

t h e maxima, i g n o r i n g l o s s e s , have a f r a c t i o n tMrfzy 

of t h e l i g h t f a l l i n g on t h e c r y s t a l , where <f i s t h e angle 

between OA and ( e i t h e r ) OB o r OC. I f (f = 45°, 

<U>ill<? = | I f t h e o r i g i n a l l i g h t was u n p o l a ^ i s e d , t h e n , 

of c o u r s e , t h e f i r s t p o l a r i s e r absorbs h a l f o f i t . 

I f t h e p o l a r i s e r s are n o t J. t o each o t h e r , 

f r i n g e s o f t h e f o r m | + Al~lfta>i£ are produced v;here 

A i s a constant ( =1 i n t h e p e r p e n d i c u l a r ^ ) depending 

on t h e a n g l e a ,10- ̂  between t h e p o l a r i s e r s , and £ i s 

t h e phase d i f f e r e n c e . The maxima and minima occur 

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

A i s n e g a t i v e j w h e n t h e y are r e v e r s e d . A i s n e g a t i v e 

i f t h e two poIarise.'r - d i r e c t i o n s (OA and OA 1) l i e i n 

t h e same qu a d r a n t o f t h e axes formed by OB and OC. 

There i s o n l y one d i r e c t i o n o f Oft o t h e r t h a n X t o OA 



t h a t w i l l g i v e minima o f zero i n t e n s i t y , and t h i s 

d i r e c t i o n depends on t h e angle of t h e c r y s t a l , u n l i k e 

t h e case w i t h t h e p o l a r i s e r s X • I f e i t h e r o f the 

p o l a r i s e r s i s o n l y p a r t l y e f f i c i e n t , t h i s w i l l o f 

course a l s o reduce t h e c o n t r a s t . F i g 5 was o b t a i n e d 

u s i n g an e f f i c i e n t f i r s t p o l a r i s e r and no i n s e r t e d 

second p o l a r i s e r , t h e m i r r o r s and d e t e c t o r p r o d u c i n g 

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

T h i s i l l u s t r a t e s t h a t i n s t r u m e n t p o l a r i s a t i o n must 

always be borne i n mind. 

The sane c r i t e r i o n r e g a r d i n g u n i f o r m i t y 

o f specimen^ t h i c k n e s s and bandwi&dth of t h e l i g h t 

a p p l y as i n case ( a ) , e x c e p t 2n i s r e p l a c e d by An. 

T h i s means t h a t t h e t h i c k n e s s u n i f o r m i t y r e q u i r e m e n t 

i s r e l a x e d by a f a c t o r of r a t h e r o ver 40 and t h e 

bandwidth requirement r e l a x e d by t h e same f a c t o r i n 

t h e I.R., b u t an even l a r g e r - f a c t o r t o wards t h e b l u e 

end o f t h e spectrum where t h e d i s p e r s i o n t e r m — M^jO 
An A> 

f r o m e q u a t i o n (4.7.2) becomes i m p o r t a n t . A t a 
Wool 

w a v e l e n g t h o f l e s s than£$p*# t h i s terra becomes>| , 

and i n t h e n e i g h b o u r h o o d o f t h i s w a v e l e n g t h t h e 

f r i n g e s p a c i n g , and hence maximum b a n d w i d t h r e q u i r e m e n t , 

becomes v e r y l a r g e . (-fig 5, e x p l a i n e d above, shows 

t h i s . No second p o l a r i s e r was a v a i l a b l e f o r t h i s 

wavelength). These d i f f e r e n c e s e n a b l e d i i v e f r i g e n t 
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fringes to be observed i n very much thicker and l e s s uniform 
specimens than was possible for multiple beam fringes. 

Observation of birefringent interference i n c r y s t a l s 
where multiple beam interference i s also resolved, produces an 
unexpected effect ( f i g 4.7.6). I f this i s compared with Pig 
4.7.2 i t i s seen that, as expected, b i r e f r i g e n t maxima and minima 
coincide with maxima i n the beat pattern. The multiple beam 
fringe spacing i s also the same, but the minima i n the multiple 
beam beat patterns occur at dif f e r e n t wavelengths. F i g 4.7.6 
shows that these minima occur nearer the maxima i n the birefrigent 
pattern, producing, for example, too few fringes i n the group 
around the maxima. The explanation of this e ffect i s as follows: 

E / 
The expression for the^vector (assuming equal amounts 

of the two polarisations are transmitted) i s : -
£*' a" 

where © and & are phase factors. The l i g h t transmitted, BE* , 

a' 

I f t h i s i s multiplied out, and the denominators are expanded by 
2 

the binomial theorem ignoring terms i n R , we obtain a f t e r some 
further manipulation 

2(1 - cos5 + 2R cos (6 \ <£ ) cos£- 2R cos(5v$") eos2 S 
where * & - 6 ~ $ , 
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This formula i s found t o agree w i t h experiment. 
For a l i g n i n g specimenfcs, the case when 

k.Ti 

OA and OB ( f i g '$) are n e a r l y p a r a l l e l i s im p o r t a n t . 
I f the angle between them i s <p , then OB«c c«* <P and 
OG<^i*M\f . I n f i g *k i f OA' i s .1 t o OA, then 
the output i s the normal s i n u s o i d a l form w i t h 
minima of zero i n t e n s i t y and amplitude u*v*z<p 
I f OA1 makes an angle 9 0 - ^ w i t h OA, '.-.'here y i s small 
then the maxima and minima of the output are 

-SO ; (OA n e a r l y p a r a l l e l t o OA1)^;-
^- then^maxirna and minima are 

=•1+1* fcfe-tfwl .̂7,7 

The output i s , however, always s i n u s o i d a l 
( o r constant) w i t h maxima and minima a t f i x e d wavelength 
These equations are used l a t e r . 
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( c ) " l ' o l a r i s i n g microscope. 
This technique was mostly used t o examine 

c r y s t a l q u a l i t y . 
The same p r i n c i p l e s apply as i n the immediately 

proceeding s e c t i o n , except t h a t here the output from 
i n d i v i d u a l p a r t s of the c r y s t a l can be examined, 
and white l i g h t can be used. 

With white l i g h t the f r i n g e p a t t e r n s are-
i n t e g r a t e d . I f the f r i n g e number i n the green i s 
more than about 5 ( i . e . f r i n g e spacing <**tooarf ) 

the l i g h t appears white and of i n t e n s i t y p r o p o r t i o n a l 
t o the average of the f r i n g e maxima and minima. Thus 
f o r the case of crossed p o l a r i s e r s the i n t e n s i t y *c sJun x f 

I f the f r i n g e order i s < ~ & ( f r i n g e spacing 
>~iooe$ ) i n t e r f e r e n c e colours are produced ( c . f . 
Kerr 195*1) • Published colour c h a r t s are f o r & n constant 
throughout the v i s i b l e , aaci. f o r SnOp,Q« gets smaller 
towards the b l u e , s h i f t i n g the f r i n g e p a t t e r n a 
l i t t l e towards the U.V. at the blue end. However, 
colo u r d i f f e r e n c e s were not n o t i c e d . Presumably also 
the c o l o u r temperature of the source would change 
the c o l o u r s . T h i s , t o o , was not n o t i c e d . 

Colours almost repeat themselves f o r 
d i f f e r e n t orders, and t o be sure of colour i d e n t i f i c a t i o n , 



e i t h e r a "quarter wave" p l a t e or a continuously 
v a r y i n g 0 - 6 wave quarts wedge was used. These are 
i-£s*e-fr i g e n t m a t e r i a l s introduced, between the crossed 
p o l a r i s e r s , w i t h f , the angle between t h e i r c ***** 
and the p o l a r i s a t i o n d i r e c t i o n s , equal t o 45°. 
These add or s u b t r a c t the phase d i f f e r e n c e i n d i c a t e d 
by the above numbers (which r e f e r t o the centre of 
the spectrum), provided the c r y s t a l also makes an 
approximately 4-5° angle m (The advantage of the wave 
p l a t e i s t h a t i t s magnitude i s d e f i n i t e l y known, 
whereas the wedge v a r i e s across the f i e l d of view and 
i t s magnitude i s d i f f i c u l t t o know e x a c t l y . The 
wedge, though, gives a continuous range). The c o l o u r 
changes introduced by these devices help t o i d e n t i f y 
u n i q u e l y the colour and hlnce o p t i c a l path d i f f e r e n c e . 

The microscope was also used w i t h the small 
H i i g e r and Watts g r a t i n g monochromoter (see s e c t i o n 4.5). 
The f r i n g e s give a .contour p i c t u r e of c r y s t a l t h i c k n e s s , 
and f r i n g e order can be determined by v a r y i n g the 
wavelength. Minimum bandwidth was ^ i o f l , so the 
maximum thickness c r y s t a l whose f r i n g e s could be resolved 
at a l l was O'IWUH ? an~- then the i n t e n s i t y and c o n t r a s t 
were very low and very g r e a t d i f f i c u l t y was experienced 
i n o b s e r v a t i o n ( p r i n c i p a l l y because of s t r a y l i g h t ) . 
A convenient l i m i t was 0.5 nun. 
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The above e f f e c t s wefe used i n the f o l l o w i n g ways. 
1. R e f r a c t i v e i n d i x e s 

F a i r l y e a r l y , one c r y s t a l (sample 5) was 
found g i v i n g m u l t i p l e beam i n t e r f e r e n c e . For 
r e s o l u t i o n reasons any c r y s t a l would have t o be t h i n n e r 
than 0.4- mm (from equation 4-.7-2) f o r the f r i n g e s t o 

o 
be resolved at a l l (assuming a r e s o l u t i o n of 1.5 A i n 
the v i s i b l e i " . This was about the best o b t a i n a b l e w i t h 
the Optica and the surface areas of c r y s t a l a v a i l a b l e . 
I n normal use, the time constant of the r e c o r d i n g 

o 
system put a lower l i m i t on r e s o l u t i o n of 5A, g i v i n g 
a l i m i t of "OS rams.) Other c r y s t a l s t h i n n e r than the 
l a t t e r l i m i t d i d not e x h i b i t i n t e r f e r e n c e and so 
presumably v a r i e d i n t h i c k n e s s by more than A or >izu 

i n ~ 
The i n t e r f e r i n g c r y s t a l was 4-2̂ . t h i c k and so at 
i+ ooo A the f r i n g e order v/as ~ 4-50 and f r i n g e spacing 

o 
~ 10A. The maximum t o minimum ratio'.can, under 

c e r t a i n c o n d i t i o n s , be used as a check on the absolute 
value of the r e f r a c t i v e index. The c o n d i t i o n s used 
only p e r m i t t e d a rough check, which was q u i t e s a t i s f a c t o r y . 

Part of the spectra obtained were shown i n 
f i g . & and s i n g l e , r a t h e r than beat, p a t t e r n s were 
produced i n p o l a r i s e d l i g h t . The p a t t e r n s were 
extended i n u n p o l a r i s e d l i g h t using I.R. spectrometers 
out t o <v 9y* where the l a t t i c e a b s o r p t i o n peaks make 



i n t e r f e r e n c e peaks hard t o i d e n t i f y . Water vapour 
peaks al s o cause some i n s t r u m e n t a l t r o u b l e at r a t h e r 
short^wavelengths. Here the f r i n g e order is<w 20, and 
the procedure o r i g i n a l l y adopted was t o t r y d i f f e r e n t 
values f o r the f r i n g e order, then count back and 
using equation 4.7.1. p l o t the r e l a t i v e r e f r a c t i v e 
index against wavelength. Using v a r i o u s c r i t e r i a from 
d i s p e r s i o n theory (e.g. t h a t i n non-absorbing regions rv. 
should always decrease w i t h \ ) , the most l i k e l y p l o t 
was chosen. I t was hoped t h a t t h i s v/ould be confirmed 
by sample? 7 or 8 of 55 ̂  and 120^ thickness which began 
t o f;ive an i n t e r f e r e n c e p a t t e r n f o r wavelengths longer 
than 5/*- and 3y* r e s p e c t i v e l y , or sample 17 of 7y» thickness 
which gave i n t e r f e r e n c e r i g h t through the v i s i b l e . 
U n f o r t u n a t e l y a b s o l u t e \ c e r t a i n t y , f o r a combination of 
reasons, has not yet been achieved i n f r i n g e i d e n t i f i c a t i o n . 
The method attempted was as f o l l o w s . I f the wrong order 
i s chosen, the r e l a t i v e r e f r a c t i v e index plots^cannot 
be made the same. An a d d i t i o n a l check on t h e i r 
thicicness r a t i o s came from i i v e f r i g e n t i n t e r f e r e n c e . 
The f r i n g e order i d e n t i f i c a t i o n can be shown mathematically 
as f o l l o w s (assuming allowance has been made f o r the 
'beat' e f f e c t which complicates matters i n u n p o l a r i s e d 
l i f ? l 



N/X- Ziat, owe, (4.7.8.) 

K'> ^ t z ur,6L (4.7.9.) 

where X and \' are wavelengths corresponding t o maxima 
of order and N and N 1 ( i n t e g e r s ) i n a specimen of 
thick n e s s t,^ and M and M' are the corresponding (non-
i n t e g r a l ) f r i n g e orders at the same wavelengths f o r 
specimen t p 

Then 
N _ N 
~,a — .J 
N M 1 

(4.7.10.) 

and 

N = *1 5 = N < J (4.7.11.) 
M t p ( M ) 

assuming the r e f r a c t i v e i n d i c e s f o r the two specimens 
i i 

are the same. ft - N and rl - M' are known from counting 
f r i n g e s , and the po s s i b l e choices f o r N or II o n l y d i f f e r 
by i n t e g e r s . From t h i s l i m i t e d choice, only one w i l l 
be found t o s a t i s f y (4.7-10.) and t h i s can be chicked 
a t other f r i n g e orders (The method only breaks down 
i f t.̂ :t£ i s very close t o a simple r a t i o , e.g. 2:1. 
The less the i n i t i a l u n c e r t a i n t y i n f r i n g e order, the 



If0 

fewer the number of t h i c k n e s s r a t i o s t h a t could cause 
d i f f i c u l t y . I n the present case the u n c e r t a i n t y was 
2 or 3 o r d e r s ) . A f u r t h e r check comes from using 
(4.7.11) and the thickness r a t i o determined by i*¥@frigent 
i n t e r f e r e n c e (where there i s no doubt about f r i n g e o r d e r ) . 
S l i g h t r e s e r v a t i o n s were h e l d . The main d i f f i c u l t y 
about using samples 7 & nd 8 was t h a t t h e i r t hickness 
v a r i a t i o n (shown by only lower f r i n g e orders being 
observed) l e d t o u n c e r t a i n t y over t h e i r e f f e c t i v e 
thickness f o r f r i n g e p r o d u c t i o n and f o r sample 8 the 
comparatively l a r g e t h i c k n e s s meant t h a t h i g h accuracy 
was r e q u i r e d i n d e a l i n g w i t h h i g h f r i n g e orders. Sample 17 
l e d t o considerable experimental d i f f i c u l t i e s due t o i t s 
very small area and the very broad low order f r i n g e s 
i n v o l v e d ) . 

Then by counting f r i n g e s and using equations 4-.7-1 
a r e l a t i v e r e f r a c t i v e index p l o t i s obtained, l i m i t e d •ettiy 

m/y*Joj by the wavelength accuracy w i t h which the f r i n g e maxima can 
be read and conceivably by a very small v a r i a t i o n in
e f f e c t i v e t h i ckne s s . -IJs^&^uwawilrfT—at—pre aon-t^=t-he 
a-e^MratrT^—ia a l s o limi1?&4—to^-lack of a-baolu-te—&e-r%-a-ia-t-v 
Ma-̂ -gg-inge -orde'-r-. Both i n d i c e s are obtained from the 
u n p o l a r i s e d ' b e a t 1 p a t t e r n s , and the i n d i c e s are shown 
i n f i g CMAuASki.. The l a r g e e r r o r s a t the long wavelength end 
are due t o u n c e r t a i n t y i n the r e l a t i v e p o s i t i o n s of the 



peaks due t o the two p o l a r i s a t i o n s ( o r "how f a r we are 
along the beat p a t t e r n " ) . This i s because there i s not 
another 'beat' minima from which reasonable i n t e r p o l a t i o n 

k i t * 
could be made of the i w ^ f r i g e n c e , and f r i n g e magnitude i 
no g u i d e b r t h i s because of l a t t i c e a b s o r p t i o n . The 
e r r o r i s of the type t h a t the sum of the i n d i c e s i s 
b e t t e r known than e i t h e r i n d i v i d u a l l y . This e r r o r 
(•which can only be cru d e l y guessed) would be e l i m i n a t e d 
i f p o l a r i s e d l i g h t were used, or more work done w i t h 
more specimens w i t h a d i f f e r e n t 'beat' p a t t e r n . Great 
care i s r e q u i r e d not t o make a mistake i n counting past 
a beat minima, p a r t i c u l a r l y i f t h i s coincides w i t h a 
change of instrument. The best check i s t o make a p l o t 
of r e f r a c t i v e index and see t h a t there i s no sharp 
jump across the minima. For f r i n g e s not at the beat 
maxima, i t i s necessary t o allow f o r the s h i f t i n g of 
the peak by the other p o l a r i s a t i o n . 

The short wavelength l i m i t t o .the method i s a 
combination of absorp t i o n a t the a b s o r p t i o n edge and 
r e s o l u t i o n of- the instrument. As f r i n g e s get smalle r 
and noise increases ( i n order t o m a i n t a i n r e s o l u t i o n ) , 
f r i n g e indent i f i'cation becomes impossible, B i r e f r i g e n t 
measuresents can be extended f u r t h e r but only by r e l y i n g 
on instrument p o l a r i s a t i o n as only one polar-iser was 
a v a i l a b l e i n t h i s regionVeLowU-ooofl, 



To put ©ft an absolute scale t o figJ.M , , the 
values given by Kerr (19^*0 f o r n a t u r a l C a s s i t e r i t e 
i n the middle ox the v i s i b l e were used. Mo range of 
values was quoted, u n l i k e some mineral.and as n a t u r a l 
C a s s i t e r i t e occurs: i n a range of c o l o u r s , presumably 
the value i s not s e n s i t i v e t o i m p u r i t y . Because only 
one .figure -was r e q u i r e d t o give a s c a l e , the second acted 
a check on the absolute v a l u e . 

Great accuracy i n the absolute values does not 
seem t o be imp o r t a n t , but two methods of check suggest 

i 
themselves. .Aicrude check was obtained by using the 
p o l a r i s i n g microscope on a t h i c k e r specimen. From 
equation 4.7.2 fl^t i s obtained ( f i n d i n g W r e q u i r e s 
assuming the same value of e x i s t s as i n t h i n n e r 
c r y s t a l s , where the order can be i d e n t i f i e d e a s i l y ) . 
By f o c u s i n g the microscope on the tox> and bottom surfaces 

t 
the apparent depth - can be determined f o r E i t h e r 
p o l a r i s a t i o n . H e n c e i s obtained and so too an 
absolute value^. This agreed w i t h Kerr (195ft) but 
accuracy was only ~ 1-3-% (because of f o c u s i n g l i m i t a t i o n s ) . 

The second method i s t o measure d i r e c t l y w i t h 
a micrometer the c r y s t a l t h i c k n e s s . This i s e a s i e s t f o r 
t h i c k c r y s t a l s , and the danger i s from v a r i a t i o n s i n 
f l a t n e s s . However, w i t h very c a r e f u l c r y s t a l s e l e c t i o n 
a value of t accurate t o 3^ might be obtained, g i v i n g 
t% accuracy f o r a 0.6 mm c r y s t a l . This would give &v\ 
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£ism A*> t as above. This has not been done. 

2. Specimen th i c k n e s s measurements 
This was mostly done w i t h b i r e f r i g e n t 

i n t e r f e r e n c e , e i t h e r i n the spectrometer or the 
a. 

p o l a r i s i n g microscope t o g e t h e r withjf monochrometer. 
I t could be c o n v e n i e n t l y done before or a f t e r t a k i n g 
an a b s o r p t i o n spectrum. Equation 4.7-3 i s used, 
d i f f e r e n t values of N being t r i e d u n t i l the known 
r e l a t i v e v a r i a t i o n of /lr\ i s produced. Only f o r 
t h i c k e r specimens was exact i d e n t i f i c a t i o n of M not 
p o s s i b l e , but even then accuracy of 1$ was a t t a i n a b l e . 
I f poor c o n t r a s t was obtained, i n d i c a t i n g thickness 
v a r i a t i o n , g r e a t e r r e l i a b i l i t y could be had w i t h the 
p o l a r i s i n g microscope where the t h i c k n e s s of a p a r t i c u l a r 
p a r t of the c r y s t a l could be measured, but w i t h r a t h e r 
less accuracy due t o l i m i t e d v i s u a l range ( * 4600 - SJOOS) 
and wavelength accuracy. For specimens less than 50^ white 
l i g h t colours as described above can be used iefcrectly. 

This method was also used f o r doped specimens. 
Further i n v e s t i g a t i o n s ought perhaps t o be made here t o 
check t h a t An does not vary s i g n i f i c a n t l y w i t h doping. 

When s u i t a b l e , m u l t i p l e beam i n t e r f e r e n c e 
described by equation 4.7.1. was also used. 

3. Specimen Q u a l i t y I n v e s t i g a t i o n s . 
I n l o o k i n g f o r specimens the l a t e r procedure 

adopted was t o spread out the m a t e r i a l under the p o l a r i s i n g 



microscope and t o search through, u s u a l l y i n white 
l i g h t , w i t h or wi t h o u t the p o l a r i s e r s . Without the 
p o l a r i s e r s a p i c t u r e of the general q u a l i t y can be 
obtained from the o u t l i n e , surface f e a t u r e s , e t c . • 
Sometimes p a r t s are dark, presumably because the l i g h t 
has been bent out of the acceptance of the microscope 
l e n s , by prism a c t i o n . S i m i l a r f e a t u r e s are seen 
when crossed p o l a r o i d s are used, but the p i c t u r e i s 
confused because the i n t e n s i t y of a p a r t of a c r y s t a l 
v a r i e s , 3antx±daEXEiE±iiX!Sx±sxssH depending on o r i e n t a t i o n . 
By r o t a t i n g the stage of the microscope t h i s e f f e c t i s 
used t o f i n d out how s i n g l e c r y s t a l a specimen i s . 
I f a r e g i o n extinguishes a l l at the same angle, then 
i t i s s i n g l e c r y s t a l , "ffwinning and g r a i n boundaries are 
shown up. I f a r e g i o n w i l l not e x t i n g u i s h at a l l , 
then there are two p a r t s of c r y s t a l ! , on top of each 
other w i t h d i f f e r e n t c r y s t a l d i r e c t i o n s . This may e i t h e r 
be two separate c r y s t a l s or one piece as grown. I n 
monochromatic l i g h t , i f the bandwidth i s small enough, 
the p i c t u r e i s f u r t h e r complicated by the f r i n g e s and also 
the l a c k of i n t e n s i t y . The contour p i c t u r e s enable 
the most uni f o r m specimens t o be s e l e c t e d (and th i c k n e s s 

Ova 
measured as in ^ p r e v i o u s s e c t i o n by v a r y i n g wavelength). 
Caution i s r e q u i r e d w i t h the contours v/here they cross 
surface f e a t u r e s as the contour order might jump. The 
on^y way t o be sure i s t o vary the wavelength and note 
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f r i n g e s passing each side of the f e a t u r e . 
See s e c t i o n on c r y s t a l h a b i t f o r r e s u l t s and 

observations. 

4. A l i g n i n g Specimen Axes w i t h P o l a r i s e r 
Thicker specimens, which could e a s i l y be handled 

loose and which had a good diamond o u t l i n e (see 
s e c t i o n 4.2.) were a l i g n e d w i t h s u f f i c i e n t accuracy w i t h 
the s p e c i a l c r y s t a l h o l d e r ( s e c t i o n 4.6). Other 
specimens were a l i g n e d by reducing the b i r e f r i g e n t 
i n t e r f e r e n c e t o a minimum. Betai-Is aro p?gv'ein i n 
s e c t i o n ''; ."G. , but? "fhe p r i n c i p l e i s t o use two p o l a r i s e r s 
and r o t a t e the c r y s t a l t o e l i m i n a t e the inte r f e r e n c e , & 4 firttcvss. 

I f the p o l a r i s e r s are approximately crossed^ 
formulae 4.7.5. apply. The wavelength i s set near a 
maximum and % i s v a r i e d and the output noted. I t 
v a r i e s a s ^ l ^ ^ P ) 1 , so i s symmetric about ^ ^ - ^ , a 
minimum of zero,(Here the 'maximum' of the f r i n g e 
p a t t e r n has turned i n t o a minimum, as the 'minimum' i s 
constant a t ^ ) * So p r o v i d e d ^ i s sm a l l , the c r y s t a l 
i s almost a l i g n e d i f set f o r a minimum output. The 
drawback of t h i s method i s t h a t ver;/ small outputs are 
i n v o l v e d , and these tend t o get l o s t i n noige. An 
a l t e r n a t i v e i s t o a d j u s t 4* so t h a t there i s no f r i n g e 
p a t t e r n . This gives the c o r r e c t alignment ( o r y ~ ̂  q ) 

whatever fyy. I f f V i s s n a i l e-hic may be l o s t i n n o i f e 



however i f l f i s only moderately small, say 20°, this i s probably 

the most accurate method. A small error i n <p w i l l produce quite 

a large pattern, but care must be exercised to ensure (p = o and 

not . I f Vj/ i s increased to almost 90°, formula 4.7.7 applies, 

which give3 almost the same eff e c t s as with small, except for a 

nominally constant large background. One i s well c l e a r of noise, 

but the 'constant 1 background w i l l vary, making assessment of small 

fringe patterns d i f f i c u l t . With moderately small y' $f the ra t i o of 

fringe pattern to background i s much bigger. 

4.8 Data Handling 

In order to allow for r e f l e c t i o n (2.3.6) i s used as the 

s t a r t i n g point, and k i s assumed « n. To find T the r a t i o of the 

measured transmission with and without the c r y s t a l i s used. I n order 

to do the arithmetic to obtain K a computer programme was written using 

ALGOL. The programme underwent a number of modifications, but one 

version of i t i s shown i n f i g . 4.8.1. Incorporated i n the programme 

i s a table of r e f l e c t i v i t i e s at each wavelength for each polarisation. 

These tables were derived from the r e f r a c t i v e index found by i n t e r 

ference methods. (Extrapolation was used for the shortest wavelengths). 

The data input includes a c r y s t a l i d e n t i f i c a t i o n , the polarisation, 

c r y s t a l thickness and the wavelengths at which the wavelength i n t e r v a l 

between points changes. The l a t t e r was designed with the absorption 
o 

edge i n mind and the longest wavelength points are separated by 100 A, 
o o 

the shorter ones by 50 A and the shortest by 25 A. The bulk of the 

data input i s then pairs of numbers corresponding to the specimen 

transmission and the " 100$" at each wavelength. 



-F.r.is: I N T E G E R , L?,L? , L 4 f L 5 ,p,;- io'. 
* E A L A / B . C . X . Y . K ^ , ? ; ' 

ARRAY KC25 : / 0 ) 1 

SWITCH S i : = STAHT' 
S T A R T : READ MO , P , A , i i , G , E , L1 , L2 , L3 , LA , IF- , D 1 

I F P=1 T ; ! E : I 
hiF-'G i ;••! R C 3 0 3 : = . 1447 ': ::C3 13 : = . 14 17 ' ;>C3 2 ? : = . 1 3 m 

RC3 33 1361 ':-:C3-0 := . 1333 'RC35 > • D 13 1 ' RC3b3: = . 1 k'j'vJ 

R C 3 7 3 --. 125 ' « — 
• o 1 2 4 ' RC393 : =. 122 ' nC40): = . 12U' 

a 1 1 9 ' RC 4 2 } • • 115 ' P.C 43 3 • = . 117 ' RC443 : = . 116 ' 
RC 453 » 116 ' RC463: =. 115 ' RC47 ) 115 ' KC 43 3 : = . 1 1 4 ' 
RC4Q3 • 114 ' RC503 =. 113 ' ;<C5 i ) := . 113 ' RC523 : = . 112 ! 

=. 112 ' RC5 4 ) 112* ;iC55 3 : =. 1 1 1 ' 
END 

ELSE 
l-JEG i t\ =. 14-ci ' RC3 13 1 4 6 ' :-0 23 : 144 ' EC 33) • = 143 ' 

RC34 3 14 1 ' RC35 3 14 Q 1 HC3o3- 13 3 ' RC3"7 3 .13/' 
R C 3 8 3 • 135 ' R C 3 9 > • 13 4'. RC40D. : =. 133' 

150 ' 
RC413 132* 

RC.42 3 = . 13 1 ' RC43 3 13 0 ' RC44 3: =. 
133' 
150 ' RC4s 3 =. 12'";* 

RC4h 3 1 2 9 ' 
127 ' 
125 ' 

RC473 = . 1 23 * RC4? 3 : = . 123 1 RC493 • — 127 ' 
— 0 

1 2 9 ' 
127 ' 
125 ' 

KC5 1 3 1 2 6 ' RC523 : = . 1 2 6 ' RC533 126« 
RC5 4 3 = . 

1 2 9 ' 
127 ' 
125 ' 125' 

END' 
PR I NT £S ? j 3 AiviE LI ME , NO , P' 

FOR N:=L1 STEP - 1 0 0 UNTIL L 2 , L 2 ~ 5 0 STEP - 5 0 
UNTIL L3,L3~25 STEP -25 U N T I L L4 DO 

BEG IN READ X,Y» 
K:=LNCCY-E3/CC-E3*CIJ-A3/CX-A3*CMECKRCC 1-CHECKRCRC M/IOC 333 

/C1-CHE CKRC RC L 5 / 1 0 0 3 3 3 * * 2 3 3/D * 
K:=CHECKRCK3-CHECi<RCCLi\CC1-RCM/l00 3 * * 2 » C 2 . 7 l f 5 * * C - 2 * K * D 3 ) 

3/C 1 -HCL5/100 3 * * 2 3 33 3/D ' 
X: = l 2 3 9 7 . 5 / i i ' 

PR! NT f.f iL?? , D I G ! T S C 4 3 , N , P R E F 1 XC££33??3 , F R E E P 0 I N T C 5 3 , X , 
IF K QREQ 0 THEN S0RTCK3 ELSE - 3 Q R T C - K } , K, K»D , 
X»K, iF X»K QREQ 0 THEN S Q R T < X * I O ELSE - S Q R T C - X * K 3 ' 

END'GOTO START ' E N D ' 

3 . F . R . AB5. COEFF. N O . 1 1 

BEQ1N INTEGER N , L 1 , L 2 , 
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The output consists of a. row for each point, with 

columns containing the wavelength, energy i n e.v., K, K T, K*fcu>, 

and Kd. The square root columns were included because when the program 

wa3 written simple behaviour of the i n d i r e c t t r a n s i t i o n type was being 

looked f o r . 

4 . 9 Other Experimental Measurements 

4.9.1. Luminescence 

Luminescence was looked for but not observed. I t has since been 

observed i n some specimens at Durham by Morgan (1966B). The main 

experiment i n the unsuccessful work consisted of using an Optica to 

scan the range 2800 - 5000 5L The speciemen was illuminated with a high 

pressure mercury lamp which was passed through a l i q u i d chemical f i l t e r to 

exclude the longer wavelengths. In 3 p i t e of the chemical f i l t e r quite a l o t 

of stray l i g h t from the mercury lamp got into the Optica. One method of 

checking i f any luminescence was present was to take a spectrum at R.T. 

and then at nitrogen temperature. Any luminescence would almost c e r t a i n l y 

d i f f e r between the two measurements. There was no noticeable difference. 

Another experiment was performed of using a darkened mercury 

lamp which emitted U.V. In a darkened room no luminescence was v i s i b l e , either 

at R.T. or nitrogen temperature; t h i s was s t i l l so when the lamp was 

focused onto the c r y s t a l using a quartz lens. 

When Morgan l a t e r obtained luminescence i t was found that the 

specimens we used did not give luminescence i n the new experimental 

method. 

$ . 9 . 2 . H a l l E f f e c t 

The l i t t l e work done on the Hall e f f e c t , together with the reasons 



I f * 

why more was not done, are given i n 5 . 3 . 

4 . 9 . 3 . Faraday E f f e c t . 

The p o s s i b i l i t y was considered of measuring the Faraday ef f e c t , 

mainly with the object of finding the ef f e c t i v e mass. The following 

considerations led to t h i s experiment being considered unprofitable. 

(1) Free c a r r i e r s 

The elementary ( c l a s s i c a l ) formula for the free c a r r i e r 

Faraday effect i s : 
3 2 2 a =BNeV2nc £ m o» radians/metre. 

The free c a r r i e r absorption i s given by ( 6 . 3.1), 

Ifc=1.7x10 N X . I f we assume that the maximum 

thickness for p r a c t i c a l measurements i s given by 3/K, 

then the maximum angle of rotation ( a f t e r adjusting for 

d i f f e r i n g units) i s [3wBe 5/2nc 4' ̂ Qm 2(2TT ) 5 } x 6 x10^ radians. 

The maximum value of B available was 0.6 Y/eber/m . 

Taking CJ =10 sec" (\» 2^u), n = 2 and m = 0 . 3 mQ 

we obtain the maximum angle as 0.08 radians. 

With simple measuring equipment the accuracy of measurement 

would probably be worse than 0.01 radians, so that the 

best accuracy obtainable would be about 1 2 ^ , and that 

at only one wavelength for each c r y s t a l . 

(2) I n t r i n s i c Faraday E f f e c t * 

Moss ( l 9 6 l ) shows that c l a s s i c a l l y the rotation i s 

related to the dispersion thus: 

Q = (Beo>/2cv*\ ) dn/du) radians/metre. 

(The same re l a t i o n holds for free c a r r i e r s ) . m i s the 



glass of the charge c a r r i e r s , presumably the valence 

or conduction band mass f o r the s h o r t wavelength 

d i s p e r s i o n and the i o n i c mass f o r the l a t t i c e 

d i s p e r s i o n . For c r y s t a l s \ mm t h i c k the angle o f 

r o t a t i o n i n the maximum f i e l d i s 4' 0.1 radians a t 

wavelengths longer than the v i s i b l e . 

(3) T h e o r e t i c a l 

A glance a t the l i t e r a t u r e showed t h a t the simple 

formulae were inadequate and o b t a i n i n g a r e l i a b l e 

e f f e c t i v e mass would be d i f f i c u l t , even w i t h p e r f e c t 

experimental r e s u l t s . One of the d i f f i c u l t i e s w i t h 

u s ing the i n t r i n s i c e f f e c t i s to know what combination 

of valence and conduction band masses has been found. 

A d i f f i c u l t y w i t h the f r e e c a r r i e r e f f e c t i s the e r r o r 

i n the c l a s s i c a l formula. I n 6.3 the e r r o r i n the 

c l o s e l y r e l a t e d c l a s s i c a l formula f o r the f r e e c a r r i e r 

absorption i s l a r g e . I n t h a t case the c l a s s i c a l 

formula gives too b i g an e f f e c t , and, i f the same i s 

t r u e here, the experimental e r r o r w i l l become very l a r g e . 

Altogether^ to achieve meaningful work on the Faraday 

e f f e c t appeared to i n v o l v e a b i g programme of work. 

4.9.4 Plasma E f f e c t s 

I n 6.3 we show t h a t observation of plasma e f f e c t s by t r a n s m i t t e d 

l i g h t r e q u i r e s t h i n n e r c r y s t a l s than we had. Plasma e f f e c t s should be 

observable by r e f l e c t i o n i n h i g h l y doped samples and would make an 



i n t e r e s t i n g study. This study was not c a r r i e d out because we were 

not w e l l equipped f o r r e f l e c t i o n work, and because an erroneous 

c a l c u l a t i o n i n d i c a t e d the plasma frequency a3 being i n the f a r I.R. 

4.9*5 Co n d u c t i v i t y Measurements 

Early on considerable work was put i n t o measuring c o n d u c t i v i t y . 

I t was measured on undoped c r y s t a l s a t s t e a d i l y h i g h e r maximum 

temperatures up to 500°C. As grown rod and needle c r y s t a l s were used 

and s i l v e r "Day" d i s p e r s i o n was used t o make contact. Results were 

found t o be not reproducible and t o depend on thermal and e l e c t r i c a l 

h i s t o r y . For example the current a t constant voltage a f t e r h e a t i n g 

was found to decay e x p o n e n t i a l l y . Also observed was a form of 

h y s t e r 4 s i 3 , i n which as the voltage was r a i s e d above a c e r t a i n p o i n t 

a l a r g e drop i n res i s t a n c e occurred, which only r e v e r t e d back t o 

highe r resistance when the voltage was lowered to a p o i n t less than 

the f i r s t v o l t a ge. Another e f f e c t was change i n the I-V c h a r a c t e r i s t i c s 

and i n p a r t i c u l a r asymmetry between the two p o l a r i t i e s , a f t e r passing 

c u r r e n t i n one d i r e c t i o n f o r some time. P h o t o - v o l t a i c e f f e c t s were 

also observed. 

These e f f e c t s were not f u l l y explained, but Morgan (1966) e t . a l . 

achieved s a t i s f a c t o r y measurements a t higher temperatures by g r i n d i n g 

o f f a surface l a y e r . This l a y e r was apparently a high r e s i s t a n c e 

l a y e r formed on c o o l i n g a f t e r growth. 



tit 
5.1 The Absorption Edge and Defect Absorption 

The absorption edge was measured on seve r a l as grown c r y s t a l s 

on the Optica spectrophotometer. The transmission of f r e e standing 

c r y s t a l s was measured i n p o l a r i s e d l i g h t and the data analysed, i n c l u d i n g 

the e f f e c t s of r e f l e c t i o n v a r y i n g w i t h wavelength and o f m u l t i p l e 

r e f l e c t i o n , as i n d i c a t e d i n 4.8. 

The e a r l y r e s u l t s were presented i n Reddaway and Wright (1965) 
CAA u*« v^wk«i (*\ fCg S.I.I. 

f o r R.T.j^ Results were l a t e r obtained a t n i t r o g e n temperatures, 

and the r e s u l t s a t higher absorption l e v e l s are shown i n f i g . 5.1«1» 

on a l o g K p l o t . The r e s u l t s f o r lower a b s o r p t i o n l e v e l s , where defect 

a b s o r p t i o n i s important, are shown p l o t t e d f o r S.8 i n f i g s . 6.2.1. and 

6.2.2. The d i f f e r e n c e s i n defect absorption f o r d i f f e r e n t samples 

was small (as shown i n Reddaway and W r i g h t ) . U n f o r t u n a t e l y spectra 

on the t h i n n e s t c r y s t a l s a t n i t r o g e n temperatures were not obtained. 

The R.T. r e s u l t s have been extended beyond the r e s u l t s published i n 

Reddaway and Wright by use of the very t h i n c r y s t a l S.16 (7.3yu t h i c k ) . 

These extended r e s u l t s are shown i n 5.1.1. U n f o r t u n a t e l y the l a r g e s t 

measurable K has not been increased by the use o f S.16 i n inverse propor

t i o n to i t s thickness, because i t s very small area meant t h a t the spec

trophotometer had to be worked w i t h a higher noise l e v e l . 

AI30 shown i n f i g . 5.1.1. are r e s u l t s from a number of other 

sources, the most important being Summitt, Marley and B o r r e l l i (1964). 

T h e i r c r y s t a l s were made w i t h g r e a t e r care and d i d not show the def e c t ab

s o r p t i o n . Their wavelength r e s o l u t i o n appears t o be r a t h e r b e t t e r than 

ours,and t h e i r accuracy i n measuring K may be b e t t e r i n some regions of 

the spectrum. However t h e i r maximum measured value of K i s about 4 times 

l e s s than ours. 
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Also shovm are the f i l m r e s u l t s o f Koch\and of Lyashenko and 

MiloslavskidjL I f these r e s u l t s are assumed to be randomly o r i e n t e d , and 

i f p a r a l l e l absorption i s neglected, i t would seem t h a t these should be 
3/ 

m u l t i p l i e d by 2 t o give the perpendicular absorption. Also shown are 

the s i n g l e toery approximate p o i n t s obtained from the U.V. d i s p e r s i o n 

a n a l y s i s i n 6.5. 

Li m i t e d measurements of the absorp t i o n edge have also been made 

on Sb and Cr doped specimens, and these are given i n 5.2 and 5.3. 

5.2 Chromium Doped Cry s t a l s 

Measurements were made on the Optica of Chromium doped specimens. 

The r e s u l t s are shown i n f i g . 5.2.1. Pour graphs are p l o t t e d ; _L a n t* II 

p o l a r i s a t i o n both as measured and w i t h the absorp t i o n of S.8 subtracted 

( i . e . i n c l u d i n g the defect absorption^3ee f i g s . 6.2.1 and 2 ) . That the 

defect absorption should be included i s c l e a r from the f a c t t h a t the p a r a l l e l 

a bsorption has a knee (beyond the range of f i g . 5.Z.1) around 3.4 e.v. 

s i m i l a r t o the defect absorption. This i s i n d i r e c t l y c l e a r from f i g . 5.4.1 

from the comparatively smooth curve a f t e r the s u b t r a c t i o n i n c l u d i n g the 

defect absorption. However, the s h o r t e r wavelength subtracted p o i n t s 

cannot be taken as r e l i a b l e , both because they are the d i f f e r e n c e between 

two considerably l a r g e r numbers, and because the defect c o n c e n t r a t i o n may 

not be e x a c t l y the same as i n 3.8,(3.8 i s r a t h e r on the high a b s o r p t i o n 

side of the small spread between d i f f e r e n t c r y s t a l s ) . The accuracy of 

the J, absorption gets s t e a d i l y worse beyond, say, 3.25 e.v. and t h a t 

of the §lf absorption i s u n i f o r m l y r a t h e r poor between, say f3.1 find 3.5e.v. 

and then gets worse. 
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5.3 Absorption i n Antimony Doped C r y s t a l s 

5.3.1 Measurement E r r o r s 

A number of measurements were made of f r e e c a r r i e r absorption* 

The general q u a l i t y of these measurements was not very h i g h . 

The main reasons f o r t h i s were specimen q u a l i i y , specimen* s i z e 

and i n s t r u m e n t a t i o n . 

Some o f the ways i n which poor specimen* q u a l i t y was a 

hindrance were microscopic voids or other defects t h a t d i d not 

give a c l e a r passage t o the l i g h t i n s i d e the c r y s t a l . Together 

w i t h surface i r r e g u l a r i t i e s and n o n - p a r a l l e l i s m , these circum

stances meant t h a t a r a t h e r u n c e r t a i n q u a n t i t y of l i g h t was 

s c a t t e r e d or r e f r a c t e d out of the path o f the l i g h t . How much 

of t h i s l i g h t got c o l l e c t e d and recorded depended on the d e t a i l s , 

such as how much ( i f any) focusing of the l i g h t there was. 

These f a c t o r s l e d to two r e l a t e d types of e r r o r . The f i r s t 

was a systematic e r r o r i n the zero f o r K and the second was the 

p o s s i b i l i t y of s i g n i f i c a n t v a r i a t i o n s of the l i g h t l o s t a t d i f f 

e r ent wavelengths. The f i r s t made i t s e l f obvious by the f a c t 

t h a t i f the l i g h t t r a n s m i t t e d through the c r y s t a l was compared 

w i t h the l i g h t t r a n s m i t t e d by a hole o f the same area, then the 

l i g h t t r a n s m i t t e d by the c r y s t a l was considerably l e s s , even i n 

wavelength regions where the absorption was thought to be s m a l l . 

The e f f e c t also o f t e n showed i t s e l f by the t r a n s m i t t e d l i g h t 

sometimes being very s e n s i t i v e t o the exact angle a t which the 

c r y s t a l was mounted. A t h i r d possible type of e r r o r from these 

i m p e r f e c t i o n s i s t h a t some of the c o l l e c t e d l i g h t may have been 

e.g., twice d e f l e c t e d from v o i d s , and so have t r a v e l l e d through 



a greater -thickness of c r y s t a l . 

Another type of specimen q u a l i t y imperfection that would lead to 

errors i s non-uniform doping. I n regions of low absorption the value of K obtain

ed w i l l be representative o f the average doping, but i n regions of high absorp

t i o n the average w i l l be weighted towards the low doping regions. The speci

mens chosen mostly seemed uniform i n colour, and t h i s e r r o r i s not thought to 

be very large. 

No specimens were l a r g e r than about 3 nuns across, and small size 

raeant t h a t high instrument gain had to be usedj^so high instrument noise 

resulted ( i n ad d i t i o n to any increase!effects o f st r a y l i g h t ) . The usual 

h a b i t f o r plates was the twinned diamond shape, and so i f measurements were 

required i n polarised l i g h t , h a l f the c r y s t a l could not be used. I f , i n a d d i t i o n , 

the twin plane was not perfect and part of one o r i e n t a t i o n extended across 

i n t o the other " h a l f " of the c r y s t a l , the area was reduced s t i l l f u r t h e r . The 

pol a r i s e r i t s e l f transmitted only about 40$ o f the t o t a l l i g h t i n c i d e n t on i t , 

and so the t o t a l reduction i n available l i g h t f o r polarised l i g h t experiments 

was at least a f a c t o r of 5. For t h i s reason, most o f the experiments were 

done i n unpolarised l i g h t . The smaller size was also a disadvantage because of 

the possible accuracy of po s i t i o n i n g . Mostly single beam instruments were used, 

and i n order to obtain transmission values, a reference measurement must be 

made without the c r y s t a l i n a d d i t i o n to the measurement w i t h the c r y s t a l . 

This can e i t h e r be done by working r i g h t through a range o f wavelengths w i t h the 

c r y s t a l i n and then r i g h t through again without the c r y s t a l , or the c r y s t a l 

can be inserted and removed at each wavelength. The former i s subject to 

d r i f t , and the l a t t e r i s very sensitive to p o s i t i o n i n g the c r y s t a l i n the same 

place each time. 

There were c e r t a i n instrument l i m i t a t i o n s . This was mainly because 

at times the only available instrument was trie Barr and Stroud (see 4.5), and 



w i t h the accessaries used i t s s e n s i t i v i i y f e l l o f f r a p i d l y around 3 a n d i n 

the (near I.R. and) v i s i b l e . I n addition to the reduced s e n s i t i v i i y , t h i s meant 

that i f the method was used of measuring over a range of wavelengths w i t h the 

c r y s t a l i n place, then i n order to obtain reasonable accuracy very accurate 

wavelengths settings were required to make the reference measurement at exactly 

the same wavelength,. 

5.3.2. Results 

Some of our r e s u l t s are shown i n f i g s . 5.3.1. - 5-3.5. Pig. J". J. |. 

shows\14, 18 and 19 p l o t t e d without the zero f o r K having been s p e c i a l l y ad

justed. The lower points on the graph could be made to f a l l more on the s t r a i g h t 

l i n e by adjusting the zero f o r K, but t h e i r i n t r i n s i c percentage er r o r i s large. 

Tiie f a l l away from the s t r a i g h t l i n e a t high K f o r S».-14 and 18 could be due to 

a number of errors such as non-uniform doping or thickness. The slope of the 

l i n e s averages to a power law of about 3.3. Some polarised measurements on S.15, 

which comes from a much higher doping run, are also shown. The e f f e c t o f 

changing the zero f o r K i s shown to have a large e f f e c t on the slope. The p l o t 

w i t h shallower slope can be seen to be curved, and hence possibly suspect, but 

the e f f e c t i s not large. The steeper curve, which i s perhaps the optimum f o r 

obtaining a s t r a i g h t l i n e gives a power law of about 3«1> but t h i s i s very app

roximate. The measurements on £5.15 were done on the Optica, and the longer 

wavelength l i m i t was determined by a combination of high absorption and f a l l i n g 

s e n s i t i v i t y . The lower wavelength l i m i t was determined by uncertainty i n 

allowing f o r absorption edge absorption. 

Pig. 5.3.2. shows polarised measurements on S.18 i n the I.R. There 

i s less zero error f o r these measurements than f o r the polarised measure

ments on S.15, and so they are b e t t e r f o r determining the r a t i o o f the two 
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p o l a r i s a t i o n s . The r a t i o i s 

K// = 1.25. 
Kj. 

and the e r r o r i s about 5$. 

Fig. 5.3.3. using the same data as Fig. 1, shows K pl o t t e d against 

X . : , How good a s t r a i g h t l i n e i s obtained does not depend on the zero of K. 

Reasonable s t r a i g h t l i n e s are obtained i n the range shown, except f o r S.14 a t 

high absorption. The use of unpolatised l i g h t may account f o r t h i s deviation 

because the l i g h t i s being reduced by a f a c t o r of nearly 1000 a t the highest 

point. At such reduction l e v e l s , much mo r e i p o l a r i s e d l i g h t i s transmitted, 

and so th a t that absorption c o e f f i c i e n t i s e f f e c t i v e l y measured, rather than 

the average. This would change K by over 10$ at the top, and a much b e t t e r 

s t r a i g h t l i n e i s obtained. The reason f o r the same e f f e c t not being so apparent 

i n S.18 may be tha t more of the l i g h t was polarised J. to the c axis because of 

p o l a r i s a t i o n occuring i n the instrument. I t can also be observed there i s a f a i r 

degree of uncertainty i n drawing the s t r a i g h t l i n e s on Pig. 5.3.3. 

As a check on a possible \ law, fig£44. was drawn f o r 3.14. I t can 

be seen th a t large departures occur f o r 0.5<X<>2.5. I f e i t h e r S.18 or S.19 

had been used, the graph would have curved up a t longer wavelengths also. 

F i g . 5.3.5 shows measurements on S.15 taken on the O p t i c a i n p o l a r i s e d 

l i g h t a t R.T., and a t n i t r o g e n temperatures. More than one set of R.T. 

measurements are shown, and t h e i r v a r i a t i o n i s an i n d i c a t i o n o f e r r o r . A 

major source of e r r o r here, e s p e c i a l l y a t longer wavelengths, a r i s e s from 

instrument noise. I t can be seen t h a t the n i t r o g e n values equal the R.T. 

ones w i t h i n experimental e r r o r . I t might be mentioned t h a t i n one experiment 

the absorption was monitored ( a t f i x e d X ) as a c r y s t a l was cooled to n i t r o g e n 

temperatures, and changes were noted but the net change was very small. 



As can be seen from f i g . 5.3.1 lowering a l l the K values by changing 

the zero looks more plausible, and no significance should be attached 

to the f a c t that f i g . 5.3.5 i s plotted against /s. . \ would give a better 

straight l i n e . The stape of the // absorption i s roughly 1.3 times 

the slope of thej. absorption. This agrees with the r a t i o of 1.25 

found above. 

The absorption edge of some of the doped c r y s t a l s was also 

measured. This i s i l l u s t r a t e d i n Pigs. 5.3.6 and 5.3.7. For the 

l i g h t l y doped S.14 no correction was made for free c a r r i e r absorption 

as this was almost negligible. For S.15, which i s about 30 times more 

heavily doped, the free c a r r i e r absorption was extrapolated and 

subtracted. This was done by using the best possible \ lav/ f i t to 

the data for K. This method i s independent of the zero for K, and i n 

f a c t a zero for K i s found by the method. The assumption of a cube law 

for extrapolation may be a source of error, but any systematicjerror 

that changes uniformly with wavelength w i l l be l a r g e l y corrected for. 

Two independent R.T. measurements of S.15 are shown, and also a 

measurement at nitrogen temperature. Also shown are (R.T.) measurements 

on our undoped S.8 and the r e s u l t s of Sumraitt, Marley and B o r r e l l i on 

purer and better annealed c r y s t a l s . The l a t t e r r e s u l t s for p a r a l l e l 

p o larisation at the lower absorption l e v e l s are obtained by dividing the 

perpendicular absorption by 30. When comparing f i g s . 5.3,6 and 5.3J 

i t i s e s s e n t i a l to note the different energy s c a l e s . The figures 

cover the.data range of S.14, but measurements on S.15, because i t 

i s thinner, are available to about 3 times the absorption shown. The 

R.T. highest point for perpendicular absorption, 760 e.v. cm~̂  at 

3.54 (2) e.v. i s a c t u a l l y about 0.02 e.v. above the pure r e s u l t s , but 
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t h i s could be experimental error. The second highest point i s about 

0.01e.v. below the pure r e s u l t s . On the other hand the highest R.T. 

point for p a r a l l e l absorption i s s t i l l about .13e.v. below the pure 

r e s u l t s . At nitrogen temperature the highest perpendicular point 

almost coincides with the nitrogen r e s u l t s for S.8 while the second 

highest i s about 0.025e.v. below. For nitrogen temperature p a r a l l e l 

r e s u l t s the highest (S.15) point i s s t i l l about 0.21e.v. below S.8. 

^vawar—>In order to determine experimentally the zero of K for S.15 a program 

was started to grind i t thinner. For S.15 t h i s had the added advantage 

of the p o s s i b i l i t y of making i t of more uniform thickness. The non-

uniformity of the thickness of S.15 had either r e s t r i c t e d the area 

available for use, or had introduced errors due to thickness non-

uniformity. (The growth runs that produced the highly doped c r y s t a l s 

produced nearly a l l needles, and very few plates. The plates were not 

of the usual twinned habit, and were not very uniform). Eventually the 

c r y s t a l broke up through grinding and polishing, but some measurements 

were taken before this happened. These have not been f u l l y analysed, 

and—a-ppoar now to have been lua-t. 

S.15 was also the only c r y s t a l on which a successful H a l l 

measurement was made. The measurement was d i f f i c u l t due to i n s t a b i l i t i e s 

i n the contacts, and also the rather unsatisfactory shape of the c r y s t a l . 

The contacts were made with s i l v e r 'Dag1 dispersion. The voltage on 

the Hall probes was unstable, and the difference i n the voltage was 

recorded many times as the magnetic f i e l d was switched on and reversed. 

Because of the high doping the voltage was small, but a certain voltage 

difference occurred several times during switching, and this was taken 



as the Hall voltage. Using the basic H a l l equation of R = 1 a value 
20 -3 n e 

of n of 1.5 x 10 cm was obtained. No numerical constant was used 

i n the Hall formula because the c a r r i e r s were degenerate. The error 

on t h i s figure i s at l e a s t 20$. 

The diamond shape, and the imperfections, of the other more 

l i g h t l y doped c r y s t a l s made Hall e f f e c t measurements d i f f i c u l t , and the 

were not performed. One reason for this was that t h i s doping range 

had been well covered by Summitt and B o r r e l l i (1965)-



170 

5.4 Refractive Indices (and Multiphonon L a t t i c e Absorption) 

5.4.1 I n f r a Red Refractive Index. 

F a i r l y early i n the work good interference spectra i n unpolarised 

l i g h t were obtained throughout the I.R. region with sample 6. This sample 

was known to have very p a r a l l e l sides because i t gave good fringes right 

into the U.V. where the fringe number was about 500, and also because 

of the uniformity revealed by the b i r e f r i g e n t interference i n the polarising 

microscope. The interference peaks could therefore be r e l i e d upon to 

give an accurate measure of the r e l a t i v e r e f r a c t i v e index (except f o r the 

birefrigence at long wavelengths) provided the correct fringe order 

could be determined. Considerable e f f o r t was put into doing t h i s 

experimentally by the methods indicated i n 4.7, but the r e s u l t s could not 

be made absolutely conclusive. This was mainly due to the not completely 

uniform thickness of other specimens. In p a r t i c u l a r for sample 8, 

the most promising thicker (l39^u) specimen, the following d i f f i c u l t i e s 

were encountered:-

(1) To obtain fringes for Specimen thickness varied/about 2/u / 
X < *° 4/u required reducing the area of the c r y s t a l used, i n / 
order to reduce the thickness v a r i a t i o n . 

(3) 

(2) For X > 7^u multiphonon l a t t i c e absorption v i r t u a l l y destroyed 

the fringes because of the comparatively large c r y s t a l thickness. 

For 5 t / u < \ < 7 / u water vapour peaks showed up and confused the For 5 t / u 

interpretation. 

(4) For \ < 5 /u the fringe order i s "> 100. This means that for fringe 

4-1 -P-i , b i . 1 J. cation high wavelength accuracy i s required. Possible 

change with wavelength i n the e f f e c t i v e thickness of the c r y s t a l 

also has to be considered. As well as being due to the v a r i a t i o n 



i n c r y s t a l thickness this could be caused by the focusing 

of the l i g h t i n the fipectromaster fcsoo 4-5-)> combined with 

s l i g h t misalignment. 

More work with t h i s c r y s t a l might be successful, but a f t e r a 

considerable amount of time and eff o r t complete confidence i n fringe 

i n d e n t i f i c a t i o n was not achieved. Another attempt was made with S.16, 

whose thickness i s only 7.35 ^u. This specimen* had a high thickness 

uniformity, but the problems encountered here were: 

(1) Very small c r y s t a l area resulted i n very small amounts of 

energy being available, and so very slow response of the 

instrument. 

( 2 ) Because of the small c r y s t a l s i z e , the most convenient method 

of attaching the c r y s t a l to the specimen holder was a weak 

solution of n i t r o c e l l u l o s e . Interpretation of the spectra 

led to the conclusion that a thin f i l m of n i t r o c e l l u l o s e 

was on the surface and was complicating the fringe pattern. 

(3) The very low fringe orders meant that i n order to identify the 

fringes of S.6, the fringe positions of S.16 had to be 

measured to a very small f r a c t i o n of a fringe. 

Another factor that might possibly spoil fringe i d e n t i f i c a t i o n 

i s the p o s s i b i l i t y of two specimens not having i d e n t i c a l r e f r a c t i v e indie 

The most obvious possible cause i s free c a r r i e r absorption, and by using 

the f a c t that free c a r r i e r absorption i s not detected calculation shows 

that this should have a negligible effect on the r e f r a c t i v e index of the 

specimens used. However, other possible causes of r e f r a c t i v e index 

v a r i a t i o n cannot be ruled out for cert a i n . 
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Because of the lack of absolutely conclusive fringe i n d e n t i f i c a t i o n , 

work on the I.R. r e f r a c t i v e index wa3 shelved for a time. However, 

a f t e r greater confidence had been gained by learning more about the phonon 

spectrum from other sources, the data derived from S.6 was re-examined. 

I t was found that there was only one fringe i d e n t i f i c a t i o n that gave 

r e s u l t s that could be believed. I f the fringes were assigned a fringe order 

one higher than the sensible i d e n t i f i c a t i o n the r e f r a c t i v e index was 

v i r t u a l l y constant between 2. and 3^u and at longer wavelengths i t s 

curvature downwards was comparatively large. The nearest approach to a 

reasonable interpretation with this fringe i d e n t i f i c a t i o n would be a 

comparatively weak l a t t i c e absorption at a small wavelength, say 12^u 

and no* powerful absorption at longer \*avelengths. Even then the f l a t 

region between 2 and 3 ^u would not be adequately explained and the 

postulated l a t t i c e absorption does not agree with observation. I f the 

fringes ^re assigned a fringe order one lower that the sensible i d e n t i f i c a t i o n , 

the gradient of d i e l e c t r i c constant against wavelength squared i s steeper, 

and the curvature considerably l e s s . The only explanation of such a 

curve i s powerful l a t t i c e absorption at long wavelengthsj, again i n d i s 

agreement with observation (expecially the substantial l a t t i c e absorption 

at*"l6^u ) . An a l t e r n a t i v e way of i l l u s t r a t i n g the d i f f i c u l t y of 

either alternative i d e n t i f i c a t i o n i s to attempt to obtain a good f i t 

between the predicated r e f r a c t i v e indices and values obtained from a 

l a t t i c e model based on the l a t t i c e spectra available, with only minor 

tinkering. Even when the models are forced to give approximate agreement, 

the shapes are wrong, jjThe r e s u l t s are shown i n Table 5.4.1, and plotted 

i n f i g s . 5.4.1 and 5.4.2. The data plotted have had the electronic (U.V.) 

dispersion subtracted, f o r \ < 5 ^ u . 



Table 5.4.1. 

)bserved 
PeakX ̂ u) 

Corrected 
Peak\^u) 

Fringe 
Order 1 po-r 
l a r i s a t i o n 

i . Refractive 
Index 2 

squared 

Fringe H 

Order If po
lari s a t i o n 

11 refractive 
index ^ 
squared 

U.V. 
Correction 

LI. 25 11.23 11*44 2.228 126.1 

L1.025 II . O O 5 11.93 2.327 121.1 

L0.565 10.545 12.92 2.506 .001 111.2 

L0.14 10.12 13.90 2.671 .001 102.4 

9.685 9 .665 14.90 2.800 .001 93.4 

9 .31 9.29 15.11 2.660 15.89 2.942 .001 86.3 

8.92 8.90 16.08 2.765 16.92 3.061 .001 79.2 

8.555 8.53 17405 2.855 17.945 3.163 .001 72 .8 

8.21 8.195 18.03 2.947 18.97 3.263 .001 67.16 

7.885.. 7.86 19.00 3.011 20.00 3.336 .001 61 .8 

7.58 7.565 19.98 3.084 21.02 3.414 .001 57.2 

7 . 0 3 5 7.01 5 21.93 3.195 23.07 3.536 .001 49.2 

6.55 6.53 23.88 3.282 25.12 3-632 .002 42.64 

6 .12 6.10 25.83 3.353 27.17 3.708 .002 37.2 

14.628 4.626 35.11 3.561 36.89 3 .932 .003 21.4 

3.999 3 .997 40 .96 3.618 43.04 3 .995 .004 15.98 

2.8145 2.811g 59.01 3.717 61.99 4.102 .008 7.91 

2.112;,̂  2 i l 0 9 ? 79.01 3 .751 82.99 4.138 .015 4.45 

1 . 6 7 5 0 li .6735 99.98 3i780 105.02 4.170 .024 2.80 

1 . 2 0 1 K 1.200 139.99 3.80B9 147.01 4.201% .046 1.44 
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F o r \ > the birefrigence i s largely obtained by extrapolation, 

because there are no usable 'beat' minima. F o r \ > 9.3^u the polarised 

absorption spectra of Summitt and Borre H i (1965) can be used to show that the 

dominant contribution to the interference pattern i s due to the // 

polarisation because of the higher absorption i n the J. polarisation. The 

X contribution cannot be completely ignored i n estimating the e f f e c t i v e 

fringe order, and the fringe orders shown i n the table seem to be the most 

reasonable estimates. 

The correction of the peak positions due to the lag of the 

spectrophotometer response i s appreciable. The manufacturers have stated 

that this correction i s approximately constant ( i n terms of \ ) over each 

scanning range. The corrections used (see table 5.4.1) are considered to 

be the best estimates a f t e r studying data that include the reduction i n 

amplitude of the interference fringes due to the lag and the differences i n 

peak positions between the spectrum used and a spectrum taken at a f a s t e r 

scanning speed. 

The accuracy of the r e s u l t s depends to a large degree on the 

wavelength accuracy of the "spectromaster". This i s stated i n the 

instrument manual as follows: 

Accuracy Repeatability 

0.6 - 5 /̂u 0.002 ^u 0.001 

5 -15 /u 0.006 0.002 

The makers have stated (private communication) that the 

quoted accuracy i s conservative, and i t would seem that for a well 

maintained machine l i k e the Durham one, the accuracy i s l i k e l y to be 

close to the l i m i t s quoted for repeatability. Even so, an error of 

.001^u at 1.2/u would give an error of .08$ i n r e f r a c t i v e index and 



• 16$ (or ̂ .007) i n r e f r a c t i v e index squared. This error could account 

for nearly h a l f the discrepancy between £ w found (for both polarisations) 

from U.V. and I.R. dispersion respectively (see 6.5) and an error of .002 

could account for most of i t . Any error i n the corrections (mentioned 

above) due to the lag of the instrument w i l l be i n addition to the 

basic wavelength error. A reasonable estimate for t h i s error would be 

1 i n 2000 i n the r e f r a c t i v e indices and 1 i n 1000 i n t h e i r square. 

An additional p a r t i a l explanation of the discrepancies i n 

can be found i n the f a c t that the spectromaster passes the whole spectrum 

through the c r y s t a l before passing i t through the monochromaBter. This 

allows s i g n i f i c a n t specimen heating, and the metal mask became very warm 

to touch, perhaps 40-50°C. The measurements f o r \ > 1 were made on the 

Optica machine i n which the specimen temperature i s very close to R.T., 

because very l i t t l e energy i s put into the spectrum. Ecklebe (1932) 
o 

measured the r e f r a c t i v e indices of c a s s i t e r i t e (at X =5780 A) at several 

temperatures, and he found a temperature c o e f f i c i e n t of dn A. 5.5x10~^(°C) 
o &-3 

A temperature r i s e of 25 C therefore r a i s e s n by ^1.4x10" or increases 

the r e f r a c t i v e index squared by «* 1 part i n 700. Any thermal expansion 

would also cause an apparent increase i n n. 

The above four errors or effects could comfortably account for 

the discrepancies i n Ĉ ,, but a further effect should be mentioned that 

works i n the opposite direction. This effect i s the reduction i n the 

Spectromaster of the e f f e c t i v e thickness of the c r y s t a l due to the 

focussing of the l i g h t . The angular s i z e of the cone of l i g h t that i s 

e f f e c t i v e l y used i s not accurately known, but a reasonable figure might 

be 4° from the centre. The l i g h t on the edge of the cone would then 
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see a thickness reduced by cos4°, or .24$. Inspection shows that for 
a correctly aligned specimen the di s t r i b u t i o n of l i g h t energy i s 
constant over the range of effective thicknesses, and so the average 
effective thickness would be .12$ l e s s than the actual thickness. This 
factor would increase the discrepancies about 50$ and make t h e i r i n t e r 
pretation more d i f f i c u l t . 

5.4.2 Multiphonon L a t t i c e Absorption 

Although not the l o g i c a l place to mention multiphonon l a t t i c e 

absorption, i t was studied for experimental reasons alongside the I.R. 

r e f r a c t i v e indices. I t was observed i n a l l c r y s t a l s measured, and 5.8 

i s the best c r y s t a l (because of i t s appropriate thickness) for showing 

the absorption between 7 and \"*>p\» The spectrum i s shown i n f i g . 5.4.3. 

Unpolarised l i g h t only was used, and although with good spectra from 

c r y s t a l s of di f f e r i n g thickness i t i s t h e o r e t i c a l l y possible to separate 

the two polarisations, t h i s was not done. This was partly because 

assumptions about the polarisation of the "unpolarised" l i g h t are 

necessary, and partly because the polarised spectra had already been 

measured by Summitt and B o r r e l l i (1965)• They also measured the 

unpolarised spectrum, and there were no obvious differences between t h i s 

and f i g . 5.4.3. 

5.4.3 V i s i b l e and U.V. Refractive Index. 

The sample S.6 was used to give useful interference peaks 
o 

down to a wavelength of around 3600 A where the absorption edge rapidly 

reduced the fringe contrast. The very thin S.16 (7.3/u thick) was used 
o 

to give r e s u l t s down to 3500 A for perpendicular polarisation and to 
o 

3150 A for p a r a l l e l p o l a r i s a t i o n . 3pme-of-tho capeiinuutal d i f f i m l l i e a 
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2 w^?b. montionod i n 4i5-. The results are shown i n f i g . 5.4.4 with n 
plotted against ^. The small contribution of I.R. dispersion has been 
allowed for by substracting 0.01 ^" ( w i t h ^ i n ^ u ) from n . The r e f r a c t i v e 
indices have been normalized to the values given by Kerr (1959) for 
the middle of the v i s i b l e . 

Allowing for a wavelength error i n using the Optica spectrophoto-
o 2 meter of 3A, the accuracy i n n v a r i e s from 1 i n 1000 around 1 yu to 1 i n 

o 

400 at 3200 A. 

Some interference spectra were obtained at nitrogen temperatures. 

This data was not analysed and might present d i f f i c u l t i e s without also 

having I.R. data to confirm fringe i d e n t i f i c a t i o n . The birefrigence, 

however, was unambiguous. 
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5.5 Luminescence 

For convenience i n preserving a numbering system we s h a l l b r i e f l y 

consider the interpretation of luminescence results here. Luminescence i s 

generally c a r r i e r recombination via a defect l e v e l . This recombination i$\ 

an ionic material w i l l be accompanied by phonon emission i n the same way as 

defect absorption. The phonons thus lower i n energy the observed luminescence 

peak below the basic electronic transition energy, Thus the defect considered 

i n 6.3 with a basic energy of 2.9e.v. might produce a luminescence peak of 

about 2.4e.v. Unfortunately similar crystals observed to luminescence i n the 

vis i b l e by Morgan (1966B) were too faint to measure, and the only liminescence 

measured was in crystals grown by flame fusion. These contained most of their 

luminescence at the red end of the spectrum, but they did show a small peals around 

2.8e.v. I t would be interesting to observe defect absorption in-.these crystals or 
to measure luminescence i n normally grown crystals so that absorption tMvdUriurieignce 
could be correlated. One would not expect a luminescent peak at higher energies 

than about 2.4e.v. i n crystals similar to ours, (indeed the colour of the 

luminescence i s described as yellow, as opposed to the "greenish white" of the 

flame fusion c r y s t a l s ) . 

5.6 ' Phonon Parameters 

Before giving the results of our c l a s s i c a l dispersion analysis, a 

few points w i l l be mentioned. 

( l ) As was found by Spitzer et. a l . (l962) for T i 0 2 , BaTiO^ and Srl'iO^, 

so we also found that assuming a constant value of g for each 

o s c i l l a t o r did not perfectly f i t the results. To prevent the 

reflection r i s i n g too high round t*^ required a g that was 

too large to give a good f i t to the sharp reflection r i s e 

around <*)L. 
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(2) The Japanese results (see 3.2) showed considerable absorption 

at a l l wavelengths, that beyond 39/u (including a shoulder at 

around lOOyu) having the most significance. 

(3) Points ( l ) and (2) imply that we may be j u s t i f i e d in not taking 

the exact wavelengths indicated by the absorption peaks as the 

values of <*>r. 

(4) The results of Spitsser et. a l . show excess absorption at long 

wavelengths iniTiOg.. _ 

(5) Liebisch and Rubens found increased reflection beyond 90yu. 

(6) With only 3 c l a s s i c a l o s c i l l a t o r s i t i s impossible to get a reasonable 

f i t and also an £ j as large as 13.6. 

(7) The above points make i t reasonable to assume a fourth "phonon" 

at about 1 0 0 f o r the purposes of the dispersion analysis. 

(8) To have a significant effect on ^ the absorption coefficients 

associated with this "phonon" need not be high, because the contri

bution to € s varies as J n K \ dĵ , , and both n and\ are large. 

(9) The "explanation" of the extra absorption may be anharmonicity 

(see 2 . 2 ) . 
VMfV 

(10) The "phonon" near 100yu i s most ̂ Likely to be a proper phonon rather 

than one of the others being the excess one. For brevity the 

arguments are omitted. 
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The c l a s s i c a l dispersion formulaefound to give the best f i t to the 

various data mentioned i n 3.2 are:-

JL polarisation 
2 2 n = 3.785 -

/ U=J 

4«p/u f ^ c m s - 1 ) <J/U and (cms" 1) 

i 1.76 577 V32 736 

2 1 300 
lte 371 

3 5.6 252 V20 288 

4 2.2 105 0.4 113 

I I 1 1 

• » nolarisation 
Similar equations but with Co* = 4.175 and 

/* ^ c m - 1 ) and 

1 5.6 455 V30 695 

2 2.4 105 0.4 117 

These parameters give the following values of ^ 

with lowest "phonon" without lowest "phonon" 

Lpolarisation 

^•'polarisation 

14.34 

12.18 

12.14 

9.78 

The lowest "phonon" i s very dubious, and might be expected 

to be much reduced i n effect at low temperatures. 



t?0 
The reflection calculated from n and k found from the above formula 

i s plotted i n fi g s . 5.6.1. and 2 together with the various reflection results. 

The most important deviation between theory and experiment i s for theyu= 1 

phonon for J. polarisation (560 - 730 cm - 1). This deviation was necessary i n 

order to f i t the I.R. dispersion (see 6 .4 ) . A previous f i t t i n g ignoring the I i R . 

dispersion gave a better f i t i n that region. Further experimental work in that 

region i s called for. Turner's results are too small compared with Summitt's 

for theyu = 1 phonon, and so are l i k e l y to be too small i n the longer wavelength 

region also. The effect of the probable small admixture of ff polarisation 

to Turner's results would be to s h i f t the sharp r i s e a r o u n d t o longer 

wavelengths, improving the agreement i n that region. 

Fig. 5 .6.1. shows the I.R. spectrum of a powdered specimen in Nujol. 
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6.1 Absorption Edge 

6.1.1. Introduction 

The experimental measurements o f the absorption edge cannot be plo t t e d 

i n any simple way to y i e l d d i r e c t l y any information such as the exciton bind

i n g energy. The main reason f o r t h i s i s the phonon coupling, and a second

ary reason i s that the absorption to the n = 1 exciton involves a d i f f e r e n t 

mechanism from absorption to other states. Because of these complexities 

i t i s necessary to gather the maximum amount of information from other 

sources and adjust some of the other parameters u n t i l a good agreement 

between theory and experiment i s achieved. Each evaluation of the theory with 

a given set of parameters i s a tedious job, and the only practicable method 

of presenting the r e s u l t s i s to assume the parameters that have been found 

to give the best agreement both w i t h the absorption edge and with other 

evidence. With these parameters t h e o r e t i c a l calculations w i l l be made 

of the absorption edge and compared with experiment. 

We s t a r t by c a l c u l a t i n g the large polaron coupling constants ;followed 

by the condviction band E - k ciirve and then some nearly small polaron 

parameters^oc urW-Ct V/uftA 

6.1.2 . Large Polaron Coupling Constants 

'ihe coupling constant. * , defined ao.;.r tho bo ginning of t h i s 

sooti nn w i l l now be evaluated leaving the e f f e c t i v e mass as a parameter. 

The parameters fyuy were derived i n sec. 3.2 from ( o p t i c a l ) data on phonons. 

Thus: 

e ¥ 2m V 2 i . 6 0 8 / 1 1 \ U l - A 
v4«l" 12.181 

x .881 

1.0789 + .0463J ^ V J . j 19 28 2.3 x 10 2 x 9^1 x 10 
81 x 722 x 1.88 x 1 17 x 10 
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Here r»\ i s the mass of an electron, w i s the 'bare' e f f e c t i v e mass e 

and an average^1 has been taken of 722 an 

Si m i l a r l y d, ̂  
0.686 f«n\ 

m 
and £ 3 = 0 . 0 5 6 4 ^ ' 

For these two phonons there i s no co n t r i b u t i o n from p o l a r i z a t i o n 

i n the c d i r e c t i o n , The fourth very dubius phonon g i v e s i -

4 = 0.426 
e 

Even i f the phor.on i s genuine i t s e f f e c t i n large polaron theory 

i s doubtful because at R.T. kT>"^w, and polaron theory does not yet adequately 

cover t h i s region. 

6.1.3. Conduction Band E - k Curve 

The method employed to obtain the E - k curve f o r the SnO^ conduction 

band i s t o take the k = o binding energy as£«t.î w* and, when E >"kw- f o r any 

branch, to take i t s c o n t r i b u t i o n to the phonon binding eneroy as tlVifw I " 
k 2 2MJ 

(This i s e s s e n t i a l l y what 3.3.1. s t a t e s ) . Near k = o the shape i s given by 

using an e f f e c t i v e mass m ( l + ? «* i.). A.s the f i r s t phonon ener.ey i s 
c T. 

approached, the curve i s bent over and f l a t t e n e d i n proportion to the correspond

ing o(i and q u a l i t a t i v e l y l i k e Larsen's published curve for«< = 1. The point 

of d i s c o n t i n u i t y i s determined by the i n t e r s e c t i o n of E = t\U. and the energy 

curve given by the higher energy phonons alone ( i . e . with an e f f e c t i v e mass 



and. binding energy given without the lowest energy phonon) lowered by the 

n by the Frohlich formula M i " ^ i 2 X) f° r lowest energy energy given 

J 2ragk 

phonon. A s i m i l a r procedure i s used as each phonon energy i s crossed, 

u n t i l the polaron energy i s given by the 'bare' energy lowered by a sum of 

Frohlich terms, a l l proportional to 1 . I f Larsen's theory were used to obtain 
k 

the point of d i s c o n t i n u i t y rather l a r g e r departures from p a r a b o l i c i t y around 

the resonances would occur because the value of k at the d i s c o n t i n u i t y i s 

bigger; t h i s would lead to larger v a r i a t i o n s i n e f f e c t i v e mass. The treatment 

f o r B>^u>would, however, be less clear. 

For s i m p l i c i t y we have combined the second and t h i r d phonons 

and j u s t used two• We have taken rii^ = .29 m, and g e t t f ^ = .83, ̂  = 

1^=1.23 andXet i^U> i= 1 . 0 3 V * . 0 9 2 e.v. The r e s u l t a n t E - k curve i s shown 

i n f i g . 6.1.1. where tiie energy u n i t s are "ftu^ and the k u n i t s are a r b i t r a r y 

(the p o i n t s ^ c ^ i j T f o r i = 1, 2 are marked). The largest value of 

^'"c°^ r ( f o r "few = .0895 e.v.) i s .0825 x 10 8 cm - 1, v/hile[nearest edge of 
R -1 

the B r i l l o u i n Zone i s M. or .664 x 10"cm from k = o. Departures from para-
a 

b o l i c i t y might be expected to begin about 1. of the way to the zone boundary. 
6.1.4. Nearly Small Polaron Parameters 

^ To allow f o r "the d i f f e r i n g phonon energies, here we can simply 
. put2* Difeuj. ?s Dfcwetc, and use the f i g u r e f o r £ DifcuJ. of i488e.v. found 

i = l 1 1 

to give a reasonable f i t to the absorption edge. We use values f o r € 

found i n 5.A and values f o r 4 (only taking i n t o account the three main o p t i c a l 
s 

phonons) found i n 5.6 and take an average off 1 1 ^ over the crystallographic 

d i r e c t i o n s of .167. 

We f i r s t assume J.. = Z and get 
1 1 

(.719 - .488) .167 ~ 1 J = J = 
1 2 1.35 

.02852" = ,169 e.v. 
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The main Condition f o r small polaron theory i s that a parameter of Eagles, 

should be£&l. Induding anisotropy appears to give 

2 

Using the above values f o r J we get 

4 1 =•• .33, 

so that the above condition i s only moderately w e l l s a t i s f i e d . 

Using the above values we obtain 

^ W S 1 1 = ~ A 2 1 e , v * S12 = " * 3 2 2 e , v > 

tiU»S01 = .900 e.v. ^ U ' S 0 2 = = , 5 4 8 e , V * 

•^<*»(S01 + S12) = .479 e.v. -t«Us02 + 5 1 2 ) = .226 e.v. 

To f i n d the t o t a l S values, we s p l i t these energies up among the 

d i f f e r e n t phonons by using the fyu. y (derived i n 3.2.) i n a s i m i l a r manner 

to that used f o r l a r ^ e polarons e a r l i e r i n t h i s section. V/e obtain 

1st phonon S 0 1 + S n = 3.98 S 0 2 + S = 1.88 n = .031 

2nd phonon S^ + S n = 2.50 S Q 2 + S 1 2 = 1.18 n = .20 

3rd phonon S Q 1 + = .23 S Q 2 + = < n - = ^ 

where we have added the values of n f o r R.T. 

,\H (2n + l ) ( S Q 1 + S n ) = 4.06 £. £ (2n':+ l ) ( S Q 2 + S^) = 1.92 

.'The bandwidth, W = 4 x .169 ( e " 1 , 9 5 + 2 8 ~ 4 , 0 6 ) = . 6 7 5 (.146 + .035) 

= .122 e.v. S t r i c t l y speaking t h i s r e s u l t v i o l a t e s a condition of Eagles 

theory that V/ should be<^w. I t should be noted, however, th a t the c axis 

c o n t r i b u t i o n t o W (the f i r s t term i n the above evaluation) i s by f a r the 

biggest, and t h a t the density of states i n the band near the ed-/e next to 

the band gap i s much larg e r than i t would be f o r a band of the same width 

with an i s o t r o p i c e f f e c t i v e mass. I t should also be noted that t h i s bandwidth 



(.122 e.v.) i s a f a c t o r of about 17 less than the r i g i d l a t t i c e width, 

and the polaron e f f e c t i v e rnrss i s very much bigger than anything pre

d i c t a b l e w ith large poleron theory. A f u r t h e r point i s t h a t a change of 

1$ in^f c b j D r e s u l t s i n a change of about 71* i n W and a change of 19& ±n(l 1_ 

r e s u l t s i n a Af0 change i n W. I t i s thought that the lower energy phonons 

may be underestimated i n strength (see 5.6). This would raise the S parameter 

and reduce V. 

Another point i s that Eagles theory i s only to f i r s t order i n 

and w i t h f c ^ = .33 terms i n €^ w i l l be important ^but small polaron theory 

should s t i l l be b e t t e r than large polaron theory). 

We have no d i r e c t evidence that ~ (^ n e ' " i f i ^ " ' suspect 

J^> because overlap might, be greater i n the d i r e c t i o n of small l a t t i c e 

distance (c a x i s ) . = implies a large 'bare' e f f e c t i v e mass anisotropy 

because iaJ = where G i s a l a t t i c e distance.. Hence = 2.2 (with 

J = .169 e.v., m_j_ = 1.00 mQ and m̂  = 2.20mQ). A s u p e r f i c i a l argueraent t h a t 
m i ^m/( because the valence band i s mainly derived from Oxygen 2p o r b i t a l s , 

and the oxygen atoms are packed with very s i m i l a r tightness i n both a x i a l 

d i r e c t i o n s appears to be f a l s e . This i s because f o r electron states i n a bend 

tbe important f a c t o r i s ease of movement from one u n i t c e l l to the next, 

rather that one atom to the next. 

I f J^, m_L i s l a r g e r , m̂  i s smaller and W i s bigger. 

We f i n a l l y calculate the polaron binding energy given be Eagles equ, 5.14 

Ep = Bo + Z J 2 - ZJ ( l - exp [ - £ ( 2 5 + l ) ( S
0
 + S T ^ ) 

Including anisotropy we get 

Ep = Bo + 4 J X
2 + 2 J ?

2 - 4 J x (exp Q± (2n + l ) ' ( S Q 1 + ) -



. - 2 J 2 ( l - expC-4" (25 + l ) ( s
0 2

+ S
1 2 ) ] ) 

S u b s t i t u t i n g our values we obtain 

E P = .719 + .231 -.675 (l-exp (-4.06))-.338 ( l - exp (-1.92)) 

= .002 e.v. 

I n other words J i s so b i g that E'.p has almost gone negative. I f 

u> D i s increased ] $ then ETD i s increased about 70$ and i f / 1 11 i s 
\&*> £ / 

reduced 3$ ;Ep i s increased about 3x. I t should also be remembered that terms 
2 

i n a r e l i k e l y to have considerable e f f e c t . I f J > J^, la r g e r values 

o f Ep are obtained. I f T i s lower than R.'!.',, then Ep ± s l a r g e r . However, 

the smallness of Ep throws doubt on the degree of a p p l i c a b i l i t y of nearly small 

polaron theory. Comparison with the binding energy given by weak coupling large 

polaron theory shows that the true Ep 5* .23 e.v. 

As a f i n a l , comment on the v a l i d i t y of the theory, i t should be 

noted that most of the parameters i n the theory were l i n k e d to observation 

by means of the continuum p o l a r i s a t i o n model, which deals only w i t h long 

range forces and which introduces £ and & i n t o the theory. Thus i t i s 
0 0 s 

possible t h a t nearly small polaron theory i s more applicable than i t appears 

to be i f short range forces are ignored. 

The d i f f e r e n t phonon branches are allowed f o r by weighting the 

c o n t r i b u t i o n of each to/ 1 lA i n the same way as was done e a r l i e r f o r 
€ J 

large polarons. I n t h i s way a1" value of D i s obtained f o r each branch. I n 

the c a l c u l a t i o n of the absorption, the second and t h i r d phonons are lumped 

together with an average energy and a t o t a l D, The j u s t i f i c a t i o n f o r doing 

t h i s i s that the t h i r d phonon has very small weight and the energies of ,1 

phonons two and three only d i f f e r by a f a c t o r of 1.29. The main motive i s 
to take advantage of the coincidence that the weighted average energy i s w i t h i n experimental error exactly h a l f the energy of the f i r s t phonon (the energies 



being 361 and 722 c m - 1 ) . We thus deal w i t h o nly two values of D, D1 and D 2» 
The r a t i o i s found to be: D. = 1.45 k2S3E2^ 

~ &2 , ' ' ' " 
6.1.5 Continuum Absorption <sX Z14*K 

The two f a c t o r s t h a t experimentally most determine the magnitude 

of D are the shape of absorption a t high absorption l e v e l s (where n = 1 

e x c i t o n e f f e c t s are small) and the absolute magnitude of the 1,3°K absorption 

compared w i t h the absorption a t hi g h l e v e l s . Each comparison of theory w i t h 

the experimental p o i n t s requires a very large amount of numerical work, so 

th a t a c c u r a t e l y g e t t i n g the best f i t i s a very long procedure. I n any case, 

a t present^the experimental accuracy a t high absorption l e v e l s does not 

j u s t i f y h i g h p r e c i s i o n , q u i t e apart from t h e o r e t i c a l approximations. For 

the purposes of conduction band c a l c u l a t i o n s we have assumed mc = .29 m̂  

and from t h i s the changes i n D w i t h k (or E^) have been c a l c u l a t e d . With 

t h i s assumption, the v a r i a b l e parameter was the valence band c o n t r i b u t i o n 

to D, and the best values found t o date are 

D1 = 4.05 D 2 = 2.8 

t h e i r r a t i o having been found above. (The second and t h i r d phonons have 

been combined). 

We s h a l l now go through the steps i n reaching the continuum (and 

n = 2 to Os e x c i t o n ) c o n t r i b u t i o n t o the absorption. The method was 

o u t l i n e d i n 3.5. S u b s t i t u t i n g i n (3.5.2) we can o b t a i n f o r forbidden 

t r a n s i t i o n s t h a t the shape of each p a r t ( i g n o r i n g the changes i n D which are 
•2. 

taken care of l a t e r ) i s p r o p o r t i o n a l to k m X where m i s the l o c a l 
' * 1 ap ap 

e f f e c t i v e mass and X i s the Sommerfeld f a c t o r . Table 6.1.1 shows how 
i • 

t h i s q u a n t i t y i s obtained f o r d i f f e r e n t values of E -&E \ t h i s i s taken 

to be equal to E f o r phonon a s s i s t e d t r a n s i t i o n s ) , i n conjunc t i o n w i t h 

f i g . 6 .1 .1 . The energy u n i t s are the l a r g e r value o f k u (.0895e.v.), 

the energy i n t e r v a l s are H i i and the f i r s t value of energy (.157iu*>) i s 
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chosen so that i t i s . 25i\u; above the n = 2 exciton (which can he regarded 

as the pseudo-end of the continuum). W i s measured i n units of H , ^ 1 ap c 
i s measured i n units of £5 , K i s i n a r b i t r a r y units (from f i g . 6.1.1) 

and X i s found from B^au . The values of fl and £ are approximately avera 
R a p 

over an energy i n t e r v a l , t h i s being important and d i f f i c u l t near the sharp 

change i n slope of f i g . 6.1.1. Greater accuracy might be obtained by 

taking a smaller energy i n t e r v a l . 

Each of these energy i n t e r v a l s has different average values of D. 

The caluclation of the R for Eagles' theory i s shown i n Table 6.1.2 for 
P 

the case = 4.6, = 2.99 and T = 296°K and assuming the shape of each 

part i s the same (as discussed i n 3,5 the one most seriously different i s 

p = m = 0 ) . The f i r s t two parts of the table shown the dis t r i b u t i o n 

due to each phonon separately and i n the third part each number i s the 

product of values of R ^ and R^^ from the f i r s t two parts, the p., and 

being indicated by the diagonal and row. The t o t a l p designation indicated 

along the bottom i s obtained by putting 2 ^ - 1 because to, /oJ L was 

taken as 2. I t i s straightforward to show that this i s the correct way 

to combine the two dis t r i b u t i o n s . With a set of such tables for each 

pair D.| , i t i s now possible to obtain the ji.bsorption at each energy inter

val, as shorn in te'ole 6.1,3. The values of D » and D ? for each row are shown, 

(in fact, to save time, tables were not worked out for each D̂ , but only 

for two pairs, .the other results being found by making; appropriate percentage 

corrections). 

The shifting of the zero and one phonon parts w i l l now be allowed 

for. Taking 2&E - ,12 e.v. the zero phonon s h i f t (&E) i s .06 e.v. and the 

one phonon shi f t C-^K ) i s ".03 e.v. The results of this allowance i s shown \J\ 
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table 6.1.3. We have not allowed for the t a i l of the absorption 

of each part (except the zero phonon p a r t ) . Q u a l i t a t i v e l y t h i s can 

be seen to s h i f t the absorption s l i g h t l y to lower energies, the 

s h i f t getting progressively smaller as we move to higher energies. 

The absorption i n the column labelled p = o occurs .074 e.v. 

above the band edge. 

6.1.6 Exciton Contribution cX lib K 
QJA 

We j u s t i f i e d i n 3.4 the use of//increasing value of D as 

we move up the n = 1 exciton band. Associated with this w i l l be a 

decrease i n the sum of the absorption of a l l the parts compared with 

what would be expected from the density of sta t e s . This decrease 

i s because the Sommerfeld factor va r i e s aa 1 and y" increases as 
XV 5 

we move up the band. The shape of the exciton band, an4 so also 

i t s density of states, closely follows that of the free polaron 

because the exciton binding energy i s roughly constant. Because of 

the anisotropy of the polaron bandwidths, departures from parabolicity 

occur sooner than would otherwise be so, causing a higher density of 

states near the bottom of the band. 

We evaluate the n = 1 exciton absorption at points . 15li\u> 

( i . e . .0135 e.v.) and .65fcw ( i . e . .058 e.v.) above the bottom of each 

phonon part. These points can be taken to represent absorption from 

0 - .4fctv and .4 - .9KUJ respectively, and absorption above .9Kw 

i s not very important. The change i n Sommerfeld factor between these 

points i s assumed to be 2.5» and the values of taken are I)j = 2.33 

= 1.58 for -15 and =4.1 Dg = 2.8 for .65iu>. The number 

of states represented by each point i s assumed to be i n the ra t i o 



1.3H. For the anisotropic bands used here this can be shown to be roughly 

correct. Table 6.1.4. sets out the calculation of the I^p of Eagles theory for 

the f i r s t of the points (and quotes the result for the second of the points) 

i n a similar manner as for the continuum. Table 6.1.5. at the top shows the 

addition of the absorption derived for the two points, after allowance has been 

made for the relative Sommerfeld and density of states factors. Below this 

i s shown the addition of the interband phonon emission and phonon absorption 

parts. To do this the .036 e.v. phonon has been approximated as 2. K u> 
8 

( i . e . .0336 e.v.) so that twice the .036 e.v. phonon becomes I5- energy 
t\U> 

intervals of -Jito. The factor e kT_has been taken as 4, and the absorption 

half way between two evaluation points has been taken as the geometric mean 

of the absorption at the two points. The absorption in the p = 0 column (phonon 

emission) occurs .013 e.v. above the band edge. 

The average intermediate state energy i s taken as 5.4 e.v.. which 

causes an increase of about 5$ i n the factor by which the absorption at one 

point i s larger than the absorption at one energy interval lower. The figure 

of 5.4 e.v. i s only a rough estimate; the reason for i t being le s s than the 

estimated absorption peak obtained by the short wavelength dispersion analysis 

i s that the term 1 _ increases the effect of the lower energy transitions. 
(Si -si)2 

The absorption to 5.5 e.v. i s roughly known from film measurements, and the i n 

tegrated absorption above that can be estimated from 600 (see section 2.3*). 

The exciton absorption with this factor included, as well as a 

constant factor chosen to give a good f i t of the whole absorption with experiment, 

i s shown i n table 6.1.3. where i t i s added to the continuum absorption. 

Unfortunat&y the energy of the points at which the continuum and exciton 

contributions are calculated do not quite match, so that the exciton absorption 



Table 6 . 1 . 4 . 

Exciton abROrrrhrion a t P.Qfi°K 

R^p = | ( D 1 ) 2 m + P (S + l ) " 1 + P (n)"1 exp - (25 + l ) D 1 

(m + p) J ml 

^ P ° i n b D X 1 = 2 . 3 3 5 = .0308 

p l = - 2 - 1 0 1 2 3 4 5 

m = 0 1 2 .4 2 .88 2 .3 1.38 .66 

1 .0717 .17 .20 ,16 . 1 .05 .02 

2 .00257 .0062 . 0 1 . 0 1 

i ' 3 .00015 .0002 

R l p l .00272 .0781 1.18 2 .61 3 .04 2 .4 1.43 .68 

X exp ( - 1 . 0 6 2 x 2 . 3 3 ) 

D 2

1 = 1.58 n = . 2 1 

pg = - 4 -3 _ ? - 1 0 1 2 3 4 5 

m = 0 1 1 .91 1.82 1.16 .55 . 2 1 

1 .332 .634 .60 .39 .18 .07 .02 

2 .0550 .105 .100 .06 .03 . 0 1 

3 .00608 .0116 .011 .007 

4 .000505 .00096 .0009 

5 .000070 .00007 

Ripp .00058 .00711 .0675 .448 1.74 2.57 2 .24 1.35 .62 .23 

X Rxp ( - 1.42 v 1=58) 
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.013 e.v. above the band edge i s added to the continuum absorption .029 e.v. 

above the band edge. This could be rec t i f i e d i n a straightforward manner, 

but the extra work i s barely worthwhile. The exciton energy w i l l be taken as 

the correct energy. Good agreement with experiment i s obtained with the above 

absorption located at 3.505 e.v., giving the band gap as 3.492 e.v. with an 

estimated error of + .015 e.v. 

Underneath the total absorption i s shown the experimentally observed 

absorption, the data coming from various sources (see 5«l)* Below this i s 

shown the ratio of the observed to the theoretical absorption (which i s in arbit

rary u n i t s ) . The high energy experimental points are from thin film, and are 

not very reliable (see 5.1.) The ratio for the middle points i s raised i f the 

continuum energy i s shifted *016 e.v. uplJp to i t s true position. This reduces 

the scatter of the ratios, and makes a good average about 1.6. The most 

d i f f i c u l t feature of the experimental curve to reproduce i s the rapid change 

of slope on the log plot around 3.5 e.v. This shows up i n the second lowest 

point where the ratio f a l l s to 1.21. 

The change i n band gap between 1.3°K and 296°K i s thus .105 + .015 e.v., 

since ftagasawaa and Sh^noya observed the band gap = 3.597 e.v. at 1.3 K. 

6.1.7 Absorption Polarized P a r a l l e l to the c Axis. 

The simplest assumption i s that the absorption mechanism i s the 

same as for X absorption, but that the optical matrix elements are reduced. 

I f the intermediate states for the n = 1 exciton absorption are from the 

same valence and conduction bands as the continuum, then continuum and 

n = 1 exciton matrix elements w i l l be i n the same rati o for // and j . 

absorption. Otherwise different r a t i o s w i l l be expected. 

The observed R.T. absorption i s shown i n table 6.1.3 and 



examination shows that the r a t i o of the two matrix elements cannot be very 

different i n the two cases. The ratio of the observed to the theoretical 

absorption i s seen to be f a i r l y constant, except that the observed points 

are r i s i n g f a s t e r at high energies. This could be explain by additional 

absorption possibly due to a different valence band. I t could also be 

explained by departure of the conduction band from parabolicity at high 

energies, the only d i f f i c u l t y being that this should also apply to J , 

absorption. 

No account was taken of absorption with t h i s polarisation when 

adjusting the D or any other parameters; i t i s an e n t i r e l y independent 

check. 

The r a t i o of J. absorption to // absorption i s about 30. 

E l l i o t t ' s approach to the theory does not give so much help i n understandir 

t h i s difference as the approach adopted by Knox (1963). He obtained 

"forbidden" transitions as being proportional to \ j^ . 2 n m 0 ' °)» (equ. 

9.26 and 9.29). Here } c i s a l a t t i c e vector i n the direction of p o l a r i 

zation (the Z a x i s ) , and Znm \[ fl )l^ = (a A v ) Z a ( v ) dv "I ^ 
* I o ' |J npt e - mo - - J 

where the a are Wannier functions. The s u f f i x n or m indicates valence 

or conduction band, and the s u f f i x p or 0 indicates the Wannier function 

i s centred on the l a t t i c e point at a distance of pQ i n the Z direction, 

or at the origin respectively. The Wannier functions are l o c a l i s e d 

functions derived from the Bloch states for the band, and bear some 

resemblance to the atomic (or'molecular 1) functions from which the bands 

are derived, the resemblance being closer the more the tight binding 
2 

approach applies. The fo9 accounts for a factor of 2.2 of the rati o of 
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the tv;o absorptions, leaving a factor of about 14 to be accounted for 
2 

by (Znm ( po) j , the two-centre matrix element. A f u l l e r understanding 

of the symmetry of the top valence band might lead to an understanding 

of this factor. 

6.1.8 Absorption Edge at Low Temperature 

(a) Continuum at 1.3°K 

We f i r s t compare the absorption obtained by using our 

parameters with the r e s u l t s of Nagasawa and Shionoya (1966) 

at 1.3°K. To a very good approximation we can put 

T = 0°K. Calculation from the Rp for tot a l p = o 

shows that the t o t a l p=o absorption i s reduced by a 

factor of 3.0 for the lowest energy point ( i n the continuum). 

Prom the f i t t i n g of theory with experiment the R.T. 

absorption of t h i s type i s about 54 cm ^ f so that our 

prediction for the absorption at t h i s point at 0°K i s 

about 18 cm \ This lowest point i s .425 R above the 

band edge, so that the predicted absorption at the band 

edge i s ,18 = 12.6 cm~^. Prom the data of Nagasawa and 
1 -425 

Shionoya we deduce the measured absorption to be about 

or* ~rr~^ 

Considering the large number of steps involved i n getting 

the predicted value, the agreement i s reasonable. The 



most direct way of improving the agreement i s to 

reduce and about 5fu and reduce the r a t i o of 

exciton to continuum absorption a l i t t l e ; but there 

are many other possible ways. 

n = 1 Exciton at 1.3°K. 

At an energy corresponding to p = o for the f i r s t point 

(.0135 e.v. above threshold) for phonon emission, the 

R.T. absorption for the n = 1 exciton i s found to be 

108 cm ^frora the comparison of theory and experiment. 

At 0°K the phonon absorption part i s absent, and from the 

R % the phonon emission part i s reduced by a factor of 

1.09. The phonon emission part i s proportional to 

1 + n. For the present purpose we take the average 

phonon energy as .04 e.v. and a reduction factor of 1.26 

r e s u l t s . These three effects together produce a reduction 

of 2.2, giving a "predicted" absorption of 49 cm"*̂ . 

Nagasawa and Shionoya's data indicate an approximately E^ 

r i s e to .01 e.v. above threshold, at which point the 

exciton absorption appears to be rather under 20cm ^• 

At t h i s energy there appears a steadi l y increasing additional 
1 

contribution above the E T shape. There are two possible 

explanations of t h i s . I t may be the s t a r t of absorption 



with the .046 e.v. phonon providing the interband matrix 

element i n which case i t has a different shape from the .036 e.v 

phonon a s s i s t e d part. 'This matrix element might vary as k, 

giving an E ^ 2 shape. I t i s i n t e r e s t i n g to observe that i n 

Ci^O a s i m i l a r r i s e above the E^shape occurs about 600 cm" 

above the exciton, and that t h i s has been attributed to a phonon 

that energy, while the main "red" absorbtion i s due to.indirect 

transitions with 105 cm~̂  phonons. The second plausible 

explanation i s that the r i s e i s due to the density of states 

factor. I n 6.1 vie found the bandwidth i n the a or b a x i a l 

directions to be +* .012e.v. at R.T. At 0°K the figure becomes 

larger, ~ .024e.v. The sinusoidal rather than parabolic 

form of the E-k curves therefore implies s i g n i f i c a n t departures 

from an E 2 density of states at an energy of "'.Ole.v. 

Considering the l a t t e r effect, examination shows that at 

,0135e.v. the absorption would be of the order of a factor 

of 1.2 higher than the E 2 curve. Because the range of 

absorption represented by the f i r s t point i s ,4i\W rather than 

the .5"Ku> t a c i t l y assumed i n the use of Eagles theory, the 

"predicted" absorption should be increased by a factor of 1.25. 

Because the parabolic part of the density of states factor has 

the term m̂  m̂  (where i s the polaron mass along the a axes 

and fflg i s that along the c a x i s ) the "predicted" absorption 
1 

should be reduced by a factor of about 2 ( l . 4 ) T to allow for 

the changing polaron masses between R.T. and 0 K. These 

factors bring the predicted value to 26 cm"̂  at 



-1 ,0135e.v. and 19 cm at .01 e.v. Tl/ie experimentally 

indicated absorption at ,01e.v. i a about 16 cm~̂  . 

The above paragraph shows that the assumption that 

the .036 e.v. phonon i s the only one with an appreciable 

interband matrix element leads to f a i r l y reasonable 

r e s u l t s . The assumption was only made for s i m p l i c i t y 

and to aid agreement between theory and experiment i n 

the shape of the R.T. absorption. The discrepancy 

between the absorption values of 16 and 19 cm~̂  might 

r e a l l y be considerably larger due to the many approx

imations used. This discrepancy can be accounted for 

by interband matrix elements other than the .036 e.v. 

phonon one. The .046 e.v. phonon might account for the 

sharp change of slope .01e.v. above threshold, and th i s 

was assumed i n the phonon analysis to obtain a precise 

estimate of i t s energy. 

A 

6.1.9 Nitrogen Temperatures 

Unfortunately the exact temperature of our "nitrogen" absorption 

measurements i s unknown. Calculations indicate that i t was probably of 

the order of 10°C above the B.P. of nitrogen (77°K) and probably somewhat 

vari a b l e . T= 90°K i s assumed here. I t i s also unfortunate that the 

shape for the interesting part near the t a i l i s distorted by the defect 

absorption. This i s estimated (see 6.2) and subtracted but the errors 

are quite large,\near the t a i l . 

file:///near
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Theoretical Absorption 

The calculation of the exciton part i s shown i n table 6.1.6. 

The interband phonon absorption part i s averaged and added to the phonon 

emission part, as was done for R.T. The average intermediate state 

energy i s assumed to have shifted by the same amount as the band gap, 

and the bottom l i n e of the table includes the 1 factor as well 
_1 ( E i - J l Y 

as being converted to units of K (cm e.v.) by a s i m i l a r method as was 

used for 1,3°K. The band gap i s taken as 3.590 e.v. (from 3.5 i t should 

be 3.595e.v.) so the absorption i n the to t a l p=o column occurs at 3.603e.v. 

This i s approximated as 3.600 e.v. 

The calculation of the continuum part i s shown i n table 6.1.7 

The R, . , sums are s p l i t . The top l i n e i s the contribution with 2 t o t a l p 
or more phonons, the bottom l i n e i s the zero phonon part for t o t a l p=o 

and the one phonon part for the r e s t . 

The zero and one phonon parts are very much more important 

than at R.T., as also are the ' t a i l s ' of the many phonon parts. Part 

of the reason for the l a t t e r i s that the (hole) polaron bandwidth i s 

larger, making the t a i l s longer. This larger bandwidth also makes the 

differences between the positions of zero, one and many phonon parts 

bigger. A l l these f a c t s make the accuracy of the theoretical prediction 

worse. 

The fourth section of table 6.1.7 shows our calculation of 

the continuum absorption. The many phonon parts are shifted two energy 

i n t e r v a l s ( i . e . .0895e.v.) to higher energies compared with the zero 

phonon part, and the one phonon parts are shifted one energy i n t e r v a l . 

These s h i f t s (which are convenient for calculation purposes) correspond 

to a (hole) polaron bandwidth of .179 e.v., compared with a value of 



Table 6.1.6. 
Exciton at 90 K. 
1st point = 2.33 
p l = 
*\ = 

P2 = 

R 1p 2 = 

2.3x10 

J>2 = 1.58 

-1 

.005 

0 

n = 10 
-1 0 1 2 3 4 

-5 
•'1 2.33 2.7 2.1 1.2 X exp (-2.33) 

n = .0032 

0 1 2 3 4 

1 1.58 1.25 .66 .26 X exp (-1.59) 

J 
1 totalp X exp (-2.33-1.58) t 0 0 5 1 1«59 3.6 4.4 5.9 5.9 6.1 5.3 4.6 3.5 

0 1 2 3 
totalp X exp (-4.1-2.8) 

.005 1 1.59 3.6 4.4 5.9 5.9 6.1 5.3 4.6 1st point 
.02 .1 .2 .3 .5 .8 1.1 1.4 2nd point 

4 total 
1 2.8 8.1 15 27 40 56 69 s i/^^'-v' 

onon emission total »005 1 1.61 3.7 4.6 6.2 6.4 6.9 6.4 6.0 
lonon absorption total .01 .017 .04 .05 .1 .1 .1 .1 .1 .1 

Total »018 1.03 1.65 3.8 4.7 6.3 6.5 7.0 6.5 6.1 
1.3 75 127 310 405 570 620 710 690 690 -1 cm e.v. 



Table 6 .1.7. 

Continuum at 90 K 

Dx = 4.48 n = 10' ,-5 

V± = -1 0 1 2 3 

Rp x =4.5xlO"5 1 4.48 10 15 x exp (-4.48) 

Po = 

R P , = 

D 2 = 3.03 n = .0032 
-1 0 1 2 3 4 5 

.01 1.03 3.09 4.7 4.7 3.6 2.2 x exp (-3.05) 

R total p .03 .$1 4.8 
+ 

18.6 35 54 79 103 
; ;01 1.00 3.03 4 .5 

total ,P 0 1 2 3 
1.01 3.06 '4.6 4.8 18.6 35 54 79 103 

1.65 5.0 7.6 •8w0 31 58 90 132 
.82 2.5 3.8 4 16 30 47 

1.4 4.2 6 7 26 49 
2.2 6 9 10 40 

3.1 9 13 15 
4 12 17 

15 
5 6 7 

1.01 1.65 3.88 11.0 17.1 37.7 86 158 266 125 
continuum absorption 64 104 244 693 1080 2380 5050 10000 16700 26800 
exciton absorption 1.3 75 127 310 405 520 620 710 690 Cr*r\ 

1.3 139 231 554 1100 1650 3000 6280 10700 L7400 27400 
experimental lvalues < *12 210 630 1050 
experimental Rvalues - 7 18 44 71 110 165 250 410 600 ~870 
experimental Rvalues *30 -> •210 540 1320 2130 3300 4950 7500 1230 L8000 "26100 
energy (e.v.) & • energy (e.v.) 

x exp(-4.48-3»05) 

4.48 3.03 
4.55 3.05 
4.60 2.99 
4.54 2.97 
4i49 2.95 
4.45 2.94 

.157 
,657 

1.157 
1.657 
2.157 
2.657 

-1 
cm e.v. 



*v ,24e.v. (for T < ^ 100°K) found assuming J - ^ ^ ' ^ n e 9 a m e v a l u e s 

of and are shown as were used at R.T., but the same accuracy 

was not used. The absorption i n the l e f t hand column occurs at 

3.604e.v., but t h i s i s approximated as 3.600e.v. 
_1 

The absorption i s then converted to cm e.v. by a s i m i l a r 

method as was used for 1.3°K» and the previously calculated exciton 

part i s f i n a l l y added. I t should be emphasised that t h i s prediction 

has contained no parameters to be adjusted i n order to f i t the 90°K 

absorption, and the only parameter taken from the 1.3°K absorption i s the 

band gap. (The i n t e n s i t i e s at 1.3°K have not been used). The 

experimental values f o r i , absorption are shown beneath the predicted 

absorption, and the values for \\ absorption on a lower l i n e . The 
• •* .<* 

bottom l i n e shows the //values multiplied by 30, the ra t i o of J_ to // 

absorption found for R.T. 

The predicted values are seen to be too small at low energies 

and about right a t high energies. Most of the discrepancy can be 

accounted for by the following. 

(1) Neglect of the ' t a i l ' absorptions. The t a i l s would increase 

the low energy absorption, e s p e c i a l l y that at 3.645e.v. and 

3«78e.v. which are two of the worst f i t t i n g points. 

(2) The zero phonon continuum absorption comparison at i.3°K 

indicated that t h i s was about a factor of 1.6 too small. 

I t was pointed out that this could be improved by taking 

smaller values of D. The e f f e c t of thus adjusting D would 

be to r a i s e the ?.ero phonon part by a factor of 1.6 and the 

t o t a l p=̂ -, 1,1-g- ... parts by progressively smaller f a c t o r s . 

I t was also suggested that the exciton contribution might be 



lowered s l i g h t l y (to r e t a i n a good f i t at R.T.), but the net 

effect would be to r a i s e the absorption at lower energies. 

(3) I f we had assumed the exciton intermediate states had not 

shifted t h e i r average energy, the exciton contribution would 

be raised about 12$, which r a i s e s the low energy absorption 

and hardly a f f e c t s the high energy absorption. 

There are also of course the many theoretical approximations and 

experimental e r r o r s , that are involved i n the theoretical prediction, and 

could account for the discrepancy. 

6.1.10. Evaluation of Matrix Elements 

Knox (1963) expresses E l l i o t t ' s r e s u l t s for the absorption 

c o e f f i c i e n t at the edge of the continuum as: 

K = 4irw« (2 po i 2 v c ( f t o)l ) 2 (6.1 .1 . ) 

3a cn 

The symbols should be interpreted as: 

CO = angular frequency of the l i g h t 

£ = d i e l e c t r i c constant for the electron-hole interaction 

(= € for the continuum edge), s 
6 Ov = Bohr radius calculated with the effective mass and d i e l e c t r i c 

constant for the exciton states at the continuum edge. 

= l a t t i c e vector i n direction of polarisation ( i a x i s ) 

Z y t ^ The Z component of the "two-centre" matrix element between 

the valence and conduction bands, 

n = r e f r a c t i v e index at the frequency of the l i g h t . 

Knox states e a r l i e r that he i s calculating o s c i l l a t o r strengths 



2oo 

per electron. This means that i f we are considering bands with spin 

degeneracy we should multiply (6.1.1.) by 2. We wish to use the in t e n s i t y 

of the continuum edge for the zero phonon part at 0°K. Using our figures 

of D1 = 4.48 and J>2= 3.03 for that point, (6.1.1) should be multiplied 
by e (4.48+3.03)^ -to allow for phonon coupling. 

From our R.T. f i t we predicted f o r i absorption a continuum 

edge absorption at 0°K of 12.6cm~^. VJe therefore obtain 

Z ( po) = (12.6 x 3 s ( 2 1 x 1 0 " 8 ) 4 x 3 x 1 0 1 0 x 2 . 2 ) 2 1 = 2 .5 A (12.6 x 3 x (21x10 

14TT X5 .5X10 1 5X11 . 3 x 2 x e " 7 , 5 1 }2x4.7x10~ 8 

. u 
For (/ absorption 

( Z v c ( p o ) =.68 1 

These are both quite reasonable two-centre matrix elements. 

The anisotropy of £ and a have been ignored, but should be f a i r l y small 

(see sec. 3.4). 
0 

A s i m i l a r c a l c u l a t i o n for Cu 20 y i e l d s Z v { ;( P 0) 0.1 A (The 

exponential factor due to phonon coupling i s quite small i n C^O). 

(Knox (1963) p.122 obtains a value of .29A but assumed an incorrect 

value for the unit c e l l volume). The difference between the magnitudes 

in C^O and SnQ^ might be accounted f o r by a difference of symmetry of 

the atomic states from which the bands are derived. I n SnO^ the t r a n s i t i o n 

probably corresponds to oxygen 2p ~> t i n 5s while i n CugO i t i s copper 3d 

to copper 4s ( E l l i o t t 1961), the l a t t e r being forbidden by the atomic 

spectra selection rules on fit . 
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6.2 Defect Absorption 

6 . 2 . 1 . Nature of Defects Responsible 

The object of this section i s to build up the theory to explain 

the observed absorption at the t a i l end of the absorption edge, of our 

nominally 'pure' crystals and pdssibly also to help to understand the 

absorption of chromium doped crystals. For the 'pure' crystals, the necessity 

for some explanation of the absorption t a i l independent of the absorption 
u 

edge was already suspected, especially for absorption jj to the c axis, but 

the publication o~f the results of Summitt, Marley and B o r r e l l i (1964) made 

the conclusion inescapable for both polarisations. Their results agreed 

with ours for high absorption coefficients, but their ' t a i l ? was much steeper, 

causing much smaller absorption coefficients in this region. 

E a r l i e r results of someybhe above authors, Y(^rC(lirt2^1962), show 

results more similar to our own. Unfortunately i n their l a t e r results they 

do not state the history of the crystals used. However study of a further 

paper by the Corning groupCllarley and Dockerty 1965) i s illuminating, i n 

that i t gives details o f the treatment given to various crystals used i n 

e l e c t r i c a l measurement-;.. The method o f growth o f their crystals i s basically 

similar to ours (see 4 . l ) , and so their results and conclusions relating carrier 

concentration, type of defect and crystal history i n 'pure1 crystals are 

probably relevant to us. They concluded (p. 307) that the defect responsible 

for their donor centres i s probably Sn ion vacancies. This conclusion was 

based on their results that samples annealed in oxygen at successively higher 

temperatures contained successively more donors. They ruled out the possibility 

of oxygen i n t e r s t i t i a l s because of "structural considerations" i . e . the large 

size of the oxygen ion. The conclusion also agrees with the explaination, 

to be outlined, below, of our optical results and which was being formulated 
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before the above paper was published. 

The p r i n c i p a l arguments from the present work concerning the 

type of defect are:-

(1) The u n l i k e l i n e s s of i m p u r i t i e s . 

D i f f e r e n t c r y s t a l s , not a l l from tiier.same batch, show remarkably 

constant e x t r i n s i c absorption. Contamination by impurity atoms would be more 

l i k e l y to vary from batch to batch. This argument i s reinforced by the early 

Corning group r e s u l t s g i v i n g a s i m i l a f absorption. There i s even less l i k e l i 

hood of the same impurity a r i s i n g i n the two independent sources of c r y s t a l , 

and the p u r i t y of the Corning group'3 s t a r t i n g material i s claimed as being 

very high (5p.p.m. Marley and Docherty 1965,10 p.pro.Marley and MacAvoy 1961 

J. Appl. Phys. 22 2501). 

(2) The presence of a peak i n the absorption. (This a c t u a l l y 

occurs i n the p a r a l l e l p o l a r i s a t i o n a t nitrogen temperatures, and can be 

i n f e r r e d by substracting the absorption due to the absorption edge i n other 

cases.) This implies that the conduction band continuum i s u n l i k e l y to be 

involved, as, being a wide band, it-~'WD.uld be u n l i k e l y to give r i s e to such 

a peak. (The analogy of band to band absorption with the photo-ionizing of' 

the hydrogen atom i s not v a l i d here. The hydrogen absorption shows a peak 

at the continuum edge, but the photon energy i s then equal to the i o n i z a t i o n 

energy. I n a s o l i d the photon energy i s much greater than the exciton binding 

energy). 

(3) The absorption does not change i t s wavelengtfch(within experi

mental e r r o r ) between R.T. and l i q u i d nitrogen temperatures whereas the absorp

t i o n edge does. This implies that of the i n i t i a l and f i n a l states^one cannot 

be closely re l a t e d to the conduction band fand the other to the vslende band 

(by way of e.g. being a shallow hydrogen-like donor or acceptor). I f they 

were, the energy of the absorption would change i n the same way as the change 



o f the energy gap. 

(4) The difference i n shape of the absorption f o r the two 

polari s a t i o n s can be explained f a i r l y w e l l numerically on the theory to be 

outlined i n 6 .2 .6 . provided the absorption i s not concerned solely with a 

single atomiitf s i t e . (The l a t t e r would be the case, e.g. f o r an i n t e r n a l 

t r a n s i t i o n i n an impurity i o n ) . This argument i s not conclusive, because 

i n the case of chromium doping the two polar i s a t i o n s have d i f f e r e n t shapes • 

and the t r a n s i t i o n i s believed to be an i n t e r n a l one. In other words the c~. • 

agreement could be coincidental. However the reasonable q u a n t i t a t i v e agreement 

i s s t i l l there f o r the defect absorption. 

I f theje arguments are taken as v a l i d , (2) shows that the conduction 

band continuum i s not involved, and (4) that a single s i t e i s not involved. 

I t would therefore seem th a t the valence band (or else a subsidiary defect 

l e v e l closely r e l a t e d i t ) must be one (the lower) of the states, ( l ) shows 

th a t there i s no impurity and so a l l the relevant states must derive from atomic 

oxygen p states or atomic t i n s states ( i n the t i g h t binding approximation), 

i . e . they must be r e l a t e d to the valence or conduction bands. (3) shows 

tha t i f the valence band i s involved, states closely related to the conduction 

band cannot be involved. So i t would seem l i k e l y t h a t the t r a n s i t i o n s concerned 

are from the valence band to defect states probably r e l a t e d to the valence band. 

The only other obvious p o s s i b i l i t y i s that the t r a n s i t i o n might be 

from a deep l y i n g conduction band defect state to a much shallower excited s t a t e . 

This p o s s i b i l i t y would seem most u n l i k e l y , because any excited defec-tt state 

associated with the conduction band would almost c e r t a i n l y be hydrogenic with 

d i e l e c t r i c constant cilose to the s t a t i c value and e f f e c t i v e mass close to t h a t 

of the conduction band. This would make i t a very shallow state and over the 

energy range involved i n the absorption (several tenths of an e.v.) i t would 



be inseperable from, and i n s i g n i f i c a n t conpared w i t h , the contiraium states. 

Another feature of absorption to such an unlocalised state would be almost 

i s o t r o p i c broadening, which i s not observed. This type of absorption i s thus 

ru l e d o u t i 

6.2.2. Type of defect 

Leaving aside groups of defects, (such as d i s l o c a t i o n s , ) and i m p u r i t i e s , 

simple defects are vacancies (anion or c a t i o n ) , i n t e r s t i a l ions (anion or cation) 

and an anion i n a cation s i t e or vice versa. For compounds with a high degree 

of i o n i c i t y , the l a t t e r p o s s i b i l i t y i s e n e r g e t i c a l l y most u n l i k e l y . Ion vacancies 

can e i t h e r occur i n pairs (Schotitky defects) or as a r e s u l t of non-stoichiometry. 

I f the l a t t e r , o v e r - a l l charge n e u t r a l i t y requires extra electrons i n the 

v i c i n i t y of an anion vacancy and extra hules i n the v i c i n i t y of a cation vacancy. 

In a similaV way i n t e r s t i t i a l ions are e i t h e r paired with a vacancy (Frenkel 

defects) or arise from non-stoichiometry. Sn02 has very high (but unknown) 

melting and b o i l i n g points. This probably implies large energies of formation 

of Frenkel and Schottky defects, and t h a t even at the c r y s t a l growing tempera

tures of 1400°C - 1500°C, these stoichiometric defects should have low 

concentrations. Schulman and Coropton (l963) p. 12 state that at the melting 

point of a l k a l i halides there are about 0.1$ vacancies, and i n Marley and Dockerty's 

a i r quenched SnO^ c r y s t a l s there are about 0.01$ vacancies. Allowing-for the 

rapid!change i n concentration with temperature, a short extrapolation from 

t h e i r growing temperature (~1550°C), would give a temperature f o r about 0.1$ 

vacancies of ~1700°C. This i s considerably less than the estimated melting point. 

This might suggest t h a t the concentration of stoichiometric defects (Frenkel 

or Schottky) would be considerably less than the carrier" concentrations 

observed by Harley and Dockerty, and that therefore some other defect must be 

responsible f o r the free c a r r i e r s . We have thus narrowed the l i k e l y defects 
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to single vacancies and single i n t e r s t i t i a l atoms. A t i n i n t e r s t i t i a l or 

an oxygen vacancy would seem l i k e l y to lead to excess electrons and so to states 

linked to the conduction band. Thiswould be contrary to our previous analysis 

of the experimental evidence. An oxygen i n t e r s t i t i a l would seem u n l i k e l y 

because of. the large size of the oxygen i o n . (On the other hand an i n t e r s t i t i a l 

oxygen might be n e u t r a l ) . A t i n vacancy would seem to be the most l i k e l y 

defect. 

6.2.3. Defect Energy Levels 

I t w i l l thus be assumed that the predominant defects are t i n vacancies, 

I n terms of colour centres t h i s gives r i s e to trapped-hole color centers (Schul-

man and Compton 1963 P«139). These authors state (p.158) that apart from 

and H centres very l i t t l e i s known about the c o n f i g u r a t i o n of the centres 

responsible f o r the trapped-hole absorption bands (compared w i t h trapped electron 

(F centre) absorption bands). Their book i s almosljentirely about the a l k a l i 

halides, so i n sp i t e of the vast l i t e r a t u r e on colour centres i n a l k a l i 

halides, i t would appear not to be very f r u i t f u l to study t h i s l i t e r a t u r e i n 

d e t a i l and t h i s has not been done. (For d i f f e r e n t reasons nei t h e r the nor 

the H centre seem probable: X rays are required to produce the centres and 

anyway i n SnO^ the high m o b i l i t y conduction band would quickly make then disappear; 

the large size of the oxygen ion would make the II centre u n l i k e l y to occur). 

A pi c t u r e of the centre caused by the t i n ion vacancy i s as fo l l o w s . 

Tin has e s s e n t i a l l y 6 oxygen neighbours ( i n f a c t 2 are s l i g h t l y nearer than the 

other 4)• I n the n e u t r a l centre, therefore, these 6 ions between them w i l l 

have 4 electrons too few (the valency of t i n ) . The absense of the t i n ion w i l l 

raise a l l the oxygen p l e v e l s . (On a simple e l e c t r o s t a t i c p i c t u r e the order of 

magnitude of the energy changes involved can be obtained by considering the 

quantity ef_ where r i s an i n t e r i o n i c distance. This equals about 7 e.v.) 
r 



This energy change probably means that a l l the p states of these oxygens 

should be considered as is o l a t e d l e v e l s , and not part of Bloch states. At 

the centre there are then 6 oxygens each w i t h 6 ( o r i g i n a l l y degenerate) p states. 

These wave functions w i l l mix a l i t t l e , forming up to 36 close l e v e l s . Of these 

32 w i l l be occupied and 4 unoccupied (at an unionised s i t e ) . I t i s now easy 

to see how the same centre can give r i s e to both an o p t i c a l impurity absorption 

band even a t low T (w i t h electrons from the valence band) and conduction electrons 

i n the e l e c t r i c a l work. 

Optical absorption can thus be seen as p u t t i n g one more electron i n t o 

the p states of the centre and leaving a hole i n the valence band. A l t e r n a t i v e l y 

i t may be more accurate not to consider the hole as being i n the valence band 

but as being trapped i n a u n i t c e l l neighbouring the defect. I n t h i s case the 

accurate des c r i p t i o n of the t r a n s i t i o n may be as an i n t e r n a l t r a n s i t i o n w i t h i n 

the centre, an electron t r a n s f e r i n g from a p state of a neighbouring u n i t c e l l 

i n t o a (raised) p state of the u n i t c e l l containing the vacancy. 

6 . 2 . 4 . Relation between absorption and number of• centres 

Schulman and Compton (p. 56 - 57) quote the f o l l o w i n g r e l a t i o n 

due to Dexter,which i s an improvement on the widely used c l a s s i c a l r e l a t i o n 

Nf = 0.87 x 1 0 1 7 n W. 
( n 2

+ 2 ) 2 

N = number of centres/c.c. 

j = the " o s c i j l l a t e r strength" 

n = r e f r a c t i v e index a t peak absorption 

W = the width of the absorption band^at the points where the 

absorption i s h a l f the maximum, i n e.v.. 

4̂ max = ^ e P eak absorption c o e f f i c i e n t i n cm ^ 

Taking the absorption // to the c axis, and p u t t i n g ( f o r our samples) 



n = 2.2, K =40 cm , W = .5 e.v. max ' 
N = 0.87 x 1 0 1 7 x 2.2 x 40 x .5 = 8 x 1 0 1 6 cm"5. 

(2.2 2+2) 2 

(Prom the r a t i o calculated l a t e r the value f o r perpendicular absorption i 3 

1.3 x 10 1 7em" 3) 

The o s c i l l a t o r strength, | , i s a t h e o r e t i c a l quantity which corresponds 

i n c l a s s i c a l theory to the number of electrons per centre involved. I f there 

i s more than one possible t r a n s i t i o n an electron can make then i n many 

circumstances the sum of the J numbers f o r a l l the t r a n s i t i o n s equals one, 

and correspondingly i f there i s one predominant t r a n s i t i o n i t w i l l have j ^ l 

(see Dirchburn "1952"). Calculations on P and other centres i n the a l k a l i 

halides generally give (Schulman and Compton). For our centres there 

are four possible l e v e l s to which an electron can jump, assuming an unionised 

centre. One can say there are four holes, any of which can jump i n t o the 

valency band. Assuming an analogy between electrons and holes, one can say 

there are 4 electrons involved, and th a t therefore should equal 4. Thus i f 

the observed t r a n s i t i o n were the only important one, 

8 & 2 x 1 0 1 6 cm"3 

However i t i s very l i k e l y that there are more t r a n s i t i o n s f u r t h e r 

i n t o the U.V. due to t r a n s i t i o n s from lower l y i n g valence bands or from the 

f i l l e d states of the centre. Also i t may be that one of the unoccupied l e v e l s 

i s considerably lower than the others, and that the t r a n s i t i o n s due to the 

others l i e f u r t h e r i n t o the U.V. So the above estimate of i s l i k e l y to be 

an upper l i m i t , and the value-of N a lower l i m i t . 

Comparison with the donor concentrations obtained by Marley and 

Dockerty shows t h a t a donor concentration of the above f i g u r e corresponds to 

a sample e q u i l i b r i a t e d i n oxygen at about 1200°C. Our cr y s t a l s were grown at 

about'vl400°C, but the e f f e c t i v e quenching temperature i s unknown. 1200°C might 



10$ 

be a reasonable figure^the cooling rate being of the order of 10 C per minute. 

( A d i f f i c u l t y arises i f the e f f e c t i v e annealing temperature i s much below 

the growing temperature, because i t would then be reasonable t o expect the 

e f f e c t i v e annealing temperature to be thickness dependent. No s i g n i f i c a n t 

thickness dependence of the defect absorption i n t e n s i t y was observed). Analysis 

of e l e c t r i c a l measurements made on our c r y s t a l s i s called f o r . 

6.2 .5 . Density o f Defects from E l e c t r i c a l Measurements 

A 'donor' or 'defect' density was used above that Marley and Dockerty 

derived from e l e c t r i c a l measurements. Three assumptions used to derive theirs 

r e s u l t s should be investigated f u r t h e r before t h e i r density can be used with 

confidence. These w i l l be b r i e f l y l i s t e d as: 

(1) A Adegeneracy of 2 was assumed f o r the donor states. For the defect 

postulated here t h i s would, seem open to question, (A d i f f e r e n t degeneracy would 

also a f f e c t t h e i r density of states e f f e c t i v e mass of 0.22 m). 

(2) The theory they assumed of how the a c t i v a t i o n energy might vary 

with donor concentration seems dubious. No allowance i s made f o r the varying 

number of donors that are ionised at d i f f e r e n t temperatures, which would seem 

l i k e l y to lead to an a c t i v a t i o n energy varying with temperature. 

(3) They assumed a. temperature independent a c t i v a t i o n energy. 

Quite apart from p o i n t ( 2 ) , the defect considered here would seem to have i t s 

energy l e v e l s mainly linked to the valence band. Thus as the band gap varies 

with temperature.so would the a c t i v a t i o n energy. 
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6.2.6 Interpretation of Defect Absorption 

The defect absorption overlaps the absorption edge, the maximum 

overlap being f o r perpendicular absorption and f o r R.T. (rather than 

lower temperatures). The most promising data to s t a r t i n t e r p r e t i n g i s 

f o r p a r a l l e l absorption at nitrogen temperatures, v;here the absorption 

actually goes through a maximum around 3.4 e.v. Following the above 

discussion we t r y an in t e r p r e t a t i o n based on the idea that the main 

t r a n s i t i o n involved i n the defect absorption i s that of a valence band 

electron mainly localised i n a c e l l neighbouring the c e l l containing the 

defect (probably a t i n vacancy), to an excited defect state (probably a 

2p state of an oxygen atom neighbouring the vacancy). 

The theory we sha l l use i s the theory developed by Eagles (1963) 

f o r transitions between two small polaron bands. The theory i s similar 

to theories developed for defects such as P centres, and although i t 

might be preferable to use such a l a t t e r theory, the present author i s 

more f a m i l i a r with Eagles' theory and i t i s thought to be essentially similar. 

V/e sha l l s t a r t by applying the theory i n i t s simple form and 

discuss complications l a t e r . The o p t i c a l matrix element f o r a t r a n s i t i o n 

between states centred on neighbouring u n i t c e l l s , ^ ( r - R ) and(fp(r-R-Gr) 

i s given by Eagles equation (43) as being proportional to 

(r-R) & (r-H-G) d 3 r (6.2.1) 

where G i s the l a t t i c e vector between the neighbouring c e l l s and the l i g h t 

i s polarised i n the x di r e c t i o n . For symmetry reasons i t i s l i k e l y that 

(6.2.1) w i l l be zero when x i s perpendicular to (J. I f t h i s i s so, 

perpendicular polarisation w i l l excite transitions between neighbouring c e l l s 

with (i along the a or b axes and p a r a l l e l polarisation w i l l excite transitions 
between cell s with G 



along the o axis. Eagles shows that these transitions have d i f f e r e n t 

phonon coupling, and so d i f f e r e n t shapes, and his theory predicts the 

shapes (assuming the continuum polarisation model). S t r i c t l y speaking 

the p a r a l l e l and perpendicular transitions might have a d i f f e r e n t basic 

energy difference f o r the t r a n s i t i o n , but t h i s i s only l i k e l y to be 

important f o r a very highly localised valence band i n which the 

created hole stays for an "appreciable" time on the s i t e i t starts on. 

The results given below indicated there i s no experimental evidence for 

any energy difference. 

Eagles shows that the integrated absorption associated withw\ 

phonons absorbed and p+m emitted i s proportional to 

H m = S2m+P (5 + l ) m + P ( H ) m exp [ -(2n + 1) s ] 
p' (m+p)I ml 

which i s the same s i t u a t i o n as f o r t r a n s i t i o n s between wide and narrow 

bands considered previously, except that D has been replaced by S. S 

i s the same parameter as occurs i n Eagles (1966) nearly small polaron 

theory (dealt with i n 3.3) as Sq. We called the parameter S ̂  f o r 

perpendicular polarisation and S^2 f o r p a r a l l e l polarisation and found 

i n 6.1 t h e i r values to be given by Xia = .90 e.v. and X*i = .548 

e.v. (The summations are over the phonon branches). Using the same 

method as before f o r determining the ratios f o r the S of the di f f e r e n t 

phonon branches and f o r combining the two low energy phonons we arrive 

at S values f o r the in d i v i d u a l branches and polarisations. 
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6.2.7 P a r a l l e l Absorption 

For p a r a l l e l polarisation we used f o r the high energy phonon 

= 4.5 and f o r the combined lower energy phonons Sq^ = 3.1 (These 

rounded numbers actually give jL^^^t. to = .542 e.v.- near enough"!.tot 

.548 e.v.). I n a similar way as f o r the absorption edge we give i n 

Table 6.2.1 the calculation of the combined H for T = 90°K. For 
P 

narrow bands, and provided there are not too many causes of broadening 

such as phonon dispersion, the i n d i v i d u a l ^ should be f a i r l y narrow. 

We assume they are j u s t narrow enough to i r o n out any i n d i v i d u a l peaks. 

The shape of the absorption i s then given by the d i r e c t l y , with Hq 

being located at the basic energy difference f o r the t r a n s i t i o n . The 

curve obtained has been f i t t e d to the observed absorption ( f o r sample 

S.8) i n f i g . 6.2.1 (lower curves). The only two f u l l y adjustable 

parameters are the in t e n s i t y of the whole absorption and i t s energy. 

A t h i r d s l i g h t adjustment was made, and that was to substract a small 

absorption (fc;ojK= 7 ey.cm ^) from a l l the experimental points, because 

at the low energy end there appeared to be another small absorption due 

to a d i f f e r e n t cause. Subtracting a constant amount was the simplest 

way of dealing with i t - more refined methods might be possible. I n 

any event the absolute aero of absorption i s not an accurate experimental 

quantity. 

The f i t i s seen to be good (mostly w i t h i n experimental error) 

up to 3.45 e.v., especially considering the few "adjustable" parameters. 

Qualitatively the divergence above 3.45 e.v. can be explained by the 

i n t r i n s i c absorption edge, but i n f a c t t h i s would not seem to account f o r 

a l l of i t . Unfortunately absorption measurements on purer crystals have 
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not been published f o r T below R.T., and so we cannot d i r e c t l y make 

numerical allowance f o r the i n t r i n s i c absorption. Neither are the 

theoretical results f o r the i n t r i n s i c absorption s u f f i c i e n t l y accurate 

to give a meaningful numerical comparison. However, the 90°K 

perpendicular absorption can be made use of. I f the best defect 1_ 

absorption the o r e t i c a l f i t i s extrapolated and abstracted, and the 

result divided by 30 we have an estimate of the i n t r i n s i c p a r a l l e l 

absorption. Extrapolation errors are not very important because 

they are divided by 30. This i s done f o r three points as shown. 

The results indicate there i s s t i l l some absorption unaccounted f o r . 

This w i l l be commented on l a t e r . 

At R.T. the general position, and to a lesser extent the 

magnitude, of the absorption i s remarkably unaltered from 90°K. (The 

i n t r i n s i c absorption has changed considerably). The detailed shape 

has, however, changed. The absorption at low absorption levels 

has increased, and at high levels has reduced; i . e . the "wings" have 

grown a t the expence of the peak. ThiB i s exactly what would be 

expected on Eagles' theory, which predicts an increase i n optical 

absorption assisted by phonon absorption, while the integrated o p t i c a l 

absorption remains constant. We have calculated the H f o r R.T. i n 
P 

the usual way i n table 6.2.2 and put the results i n table 6.2.1 f o r 

comparison. With the same scaling factor and basic energy difference 

as for 90°K, we plot the results together with the experimental points 

i n f i g . 6.2.1 (upper curves). I n passing, i t i s in t e r e s t i n g to note 

that although the theory gives results for most of the peak not very 

d i f f e r e n t from 90°K, the numbers i n the calculations are very d i f f e r e n t ; 
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e.g. the combined exponential factor d i f f e r s by a factor of .206. 

The f i t up to 5.4 e.v. i s seen to be remarkably good 

considering that there was not a single adjustable parameter. (The 

same small constant absorption was subtracted from the experimental 

points). At R.T. we can make a better allowance f o r the i n t r i n s i c 

absorption. Unfortunately the low lev e l p a r a l l e l absorption of 

Summitt, Marley and B o r r e l l i (l964) on purer crystals a*e not 

available with s u f f i c i e n t accuracy, but we can assume a factor of 

30 between the absorption i n t e n s i t i e s f o r the two polarisations and 

use either t h e i r results for perpendicular absorption, or (less 

accurately because of defect absorption) our own similar results or 

else our own theoretical results ( f i t t e d to the whole range of the 

edge). The differences are small, and we used Summitt, Marley and 

B o r r e l l i 1 s results and added the resulting absorption to our 

theoretical defect absorption and obtained the upper theoretical 

curve shown. I t i s seen to agree quite w e l l v/ith our experiment, 

but there i s apparently s t i l l some absorption unaccounted f o r . (The 

amount i s not much more than the l i k e l y experimental error i n t h i s 

p a r t i c u l a r part of the spectrum). The amount i s less than, but of 

the same order as, the unaccounted part at 90°K, 

The value of the basic energy difference i n the t r a n s i t i o n 

i s 2.90 e.v. An estimate of the error might be - 0.05 e.v., 

and the same energy difference i s used f o r perpendicular absorption. 

6.2.8 Perpendicular Absorption 

Less of t h i s absorption i s v i s i b l e f o r two reasons. F i r s t 

the i n t r i n s i c absorption i s t h i r t y times as great, and, second, the 



peak appears to be at higher energies. At 90°K ther? i s enough 

that i s not swamped by i n t r i n s i c absorption to make a numerical 

f i t worthwhile. 

V/e f i r s t used parameters derived from theory as before.(lil̂ l«(-Xjfl«6.2.jJ 

V/e used = 7.3 for the high energy phonons and S Q^= 5 f o r the 

combined low energy phonons. (These numbers actually give ^ S^^ 5* 

= .88 e.v. instead of .̂ 0 e.v.). After applying a scaling factor 

the results are plotted i n f i g . 6.2.2 together with the experimental 

points ( a f t e r subtracting 5 e.v. cm" ) . The same basic energy 

difference (of 2.90 e.v.) i s used as fo r p a r a l l e l absorption. 

The f i t can be improved, by taking S q 1 = 6.8 and 4.7 (1*J<vevf *(-T^^-V 

f o r the high energy phonon and low energy phonons respectively, as 

»Sliown i n f i g . 6.2.2. For the perpendicular absorption we cannot 

use the t r i c k we used f o r the p a r a l l e l absorption i n order to allow 

f o r the i n t r i n s i c absorption edge. A qu a l i t a t i v e estimate of the 

l i k e l y form of the i n t r i n s i c absorption indicates there may be some 

absorption unaccounted f o r , l i k e there was f o r p a r a l l e l absorption. 

The R.T. perpendicular absorption has not been evaluated. 

The greater swamping by the absorption edge would lessen any information 

that might be obtained, but on the other hand i n t r i n s i c absorption 

can be well allowed f o r . I t might j u s t be worth doing f o r any 

further study. Qualitatively i t appears to be related to the 90°K 

absorption i n the same way as the p a r a l l e l absorption. 

Discussion 

The departure of Rvalues from Eagles' theory i s small but 
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s i g n i f i c a n t . I f the S f o r both polarisations were smaller than 

theory predicted, but they were i n the correct theoretical r a t i o , 

then two simple explanations would be possible. Either the experimental 

parameters (derived from the phonon spectrum) used to obtain the 

theoretical magnitude could be i n error, or the continuum polarisation 

model could be at f a u l t . I t might be that smaller S values f o r 

p a r a l l e l absorption could lead to a s u f f i c i e n t l y good f i t that i t 

would be reasonable for the r a t i o of the S values f o r the two p o l a r i s 

ations to agree with theory, but i t seems un l i k e l y . (The theoretical 

r a t i o depends only on the a x i a l r a t i o , °/a). Assuming the r a t i o does 

not agree with theory, two types of explanation seem possible. F i r s t 

the continuum polarisation model may be at f a u l t (although i t would 

seem to lead more easily to magnitude err o r s ) . Second, the error may 

come from assuming a 'narrow valence band'. The valence band states 

i n u n i t c e l l s neighbouring the defect may either form discrete levels 

i n the forbidden band close to the valence band, or e l 3 e the defect 

may j u s t d i s t o r t the valence band i n i t s neighbourhood without making 

discrete states. ( i t might be f r u i t f u l to investigate t h i s point 

further, either t h e o r e t i c a l l y or experimentally). I f there are 

discrete states the "narrow band" theory should apply better than i f 

there i s a band. I f there i s a band, we have seen i n dealing with 

the absorption edge that nearly small, rather than small, polaron 

theory should be used. Eagles has not considered transitions between 

small and nearly small polaron bands, so we cannot estimate the e f f e c t 

numerically. We can, however, look at the opposite extreme, and 

consider the e f f e c t on S i f the valence band were "wide". I n t h i s case 



S becomes D, and D i s of the same order as S but i s iso t r o p i c . 

Q u a l i t a t i v e ly, therefore, we can picture the experimentally observed 

departure of the r a t i o of the S values f o r the two polarisations from 

the theoretical value as being due to the f i n i t e v/idth of the valence 

band making S more isotr o p i c . On either the discrete or band picture 

of the valence states of the neighbouring unit c e l l s , we can speculate 

that the unaccounted for absorption of the pa r a l l e l absorption (which 

very l i k e l y also occurs f o r perpendicular absorption) i s due to tra n s i t i o n s 

from the lower parts of the top valence band (or even from lower valence 

bands) to the excited defect. 

the r a t i o of the integrated absorption f o r the two polarisations. From 

the " f sum ru l e " these might be expected to be roughly equal, but 

cer t a i n l y not exactly so. We used the integrated absorption e a r l i e r 

to estimate the defect density, so the r a t i o indicates the difference 

i n the estimate that would be obtained using the two polarisations. 

We obtain a rough figure for the r a t i o by assuming the integrated 

absorption i s proportional to S2 times the maximum height. We obtain: 

The greatest experimental uncertainty arises from the best S values 

A f i n a l factor w i l l be extracted from the analysis. This i s 

1 absorption 
// absorption = 1.65 

fox* p e r p e n d i c u l a r £ibsGrr,'t 

i s substantially lowered. 
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6.3 Absorption of Antimorv Doped Crystals 

6.3.1. Power Law for Free Carriers 
Suramitt and Bo r e l l i (1965) performed rather more extensive measurements 

than we did i n the wavelengths range »5<X*6^u and carrier concentration range 
17 19 —3 x*-

10 - 2 x 10 cm . They found that, f o r each specimen, K varied as X where v 

varied for different crystals from 2.9 to 3«3. At temperaturee down to 50°K 

no detectable change was found, and at 900°K *-reduced by about 0.3 and the 

absorption magnitude increased by a factor of about two. They combined their 

measurements by plotting log (^Ne) against X, where N was found from Hall 

effect measurements using a formula with a constant factor of $J[» A straight 

l i n e through the points gave K = 1.72 x 10 N V (6.3.1.), with most of 

the points l y i n g within about 40$ of that l i n e . The ra t i o of / j absorption to J. 

absorption i s given as 1.25* The high carrier concentration samples had Sb 

doping, and the rest only had defects to provide the carriers. 

Our own results are consistent with these results. Using (6.3.1.) 
18 ™3 

our S.19 has a carrier concentration of 3.6 x 10 cm and S.18 has a con-
18 —3 

centration of 8.3 x 10 cm . Taking the lower of the two curves fo r S.15 

i n f i g . 5.3.1. we obtain an absorption of 150 cm * at 0.7pi for the average 
20 ™*3 

of the two polarisations. (6.3.1.) then predicts a concentration of 2.5 x 10 cm" , 
(which i s 13 times the heaviest doping of Summitt and B o r r e l l i ) , and t h i s can be 

20 ""3 
compared with our measured value of 1.5 x 10 cm" . I f the Hall factor of 
3 T were omitted from Suramitt and Borrel l i ' s calculation, the predicted value 

8 20 
becomes 2.15 x 10 cm , which i s moderately satisfactory agreement. Our 

measured rat i o f o r the two polarisations agrees with Summitt and B o r r e l l i , as does 

the absence of change at low temperatures. 
Suramitt and B o r r e l l i applied Visvanathan's (l96o) optical mode 
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formula (2.4.4.) at \= 3^u and usedOJ^ = 3* x lO 1^ sec. - 1, n = 2 , ^ = 4, 

€ 4 = 25 and m = .14 m. They appear to have done the calculation f o r low 
17 2 

temperatures (where p>> l ) and obtained */^e = 9 x 10" cm , compared with 

4.6 x 10~ cm from (6 .3.1.). The straightforward formula cannot, however, 

be made to f i t because i t predicts a ?̂*"* law instead of \ so that although 

we disagree with some of the parameters used, there i s not much point i n merely 

substituting better ones. We do, however, believe that optical mode scattering 

i s the most important and we w i l l return to i t after discussing a number of 

factors. Impurity absorption w i l l be considered at the end and shown unlikely 

to be important. The following points w i l l now be discussed: 

(1) The varying effective mass. 

(2) The effect of electrons i n donor states. 

(3) The variation of refractive index, n. 

(4) The corrections to the simple formula. 

(5) Degeneracy, 

( l ) Effective mass 

Examination of the origin of Visvanathan's formula (2.4.4.) shows 

that, although the absorption apparently varies as ( l Jj^f there are really 
W 7 

three terms that depend on the E-k curve. Using the same defi n i t i o n of the 

effective m as previously of then the terms are: 

(a) density of f i n a l states varies as km 

(b) phonon matrix element varies as k~ 
2 2 

(c) photon matrix element varies as k /m (provided the photon energy>>kT). 

m and k refer to the f i n a l electron state. The product of these terms 

i s thus k/m, which f o r a parabolic band varies as (E/m)2. Therefore i n order 
to correct (2.4.4.) i t should be multiplied by a term proportional to k/mE-̂', 



which i s constant for a parabolic band. 

Two capes of non-parabolicity w i l l be considered: f i r s t polaron 

effects (from f i g . 6.1.1. and table 6.1.1.) and second the f i n i t e bandwidth 

which w i l l be assumed to have a cosine variation ( i n a spherical B r i l l o u i n 

Zone). The energy range covered by the measurements i s about 0.2 - 2.5 e.v. 

Within t h i s range the polaron effects are important at the low energy end, and 

the f i n i t e bandwidth at the high energy end. The two regimes should merge 

smoothly to give a reasonably constant correction to the \ power law, except 

at high energies (say above 1.5 e.v.) where the correction i s larger. For 

Simplicity we shall calculate the average over the whole range. So far as the 

polaron effects are concerned k/E2 does not vary very much i n the range of 

interest and the main contribution i s from m. From table 6.1.1. this i s about 

.82 at 0.2 e.v. compared with nearly 1 at large energies. 

The bandwidth ( i n a spherical b r i l l o u i n Zone) that corresponds to an 

effective mass of about 0.5 m, :is about 4.5 e.v.„ k/mE2 works out as ( l - E/E maxY' 

where E max i s the bandwidth. At 2.5 e.v. this i s .667} and at .2 e.v. i t i s 

.98. The two factors together theEefere produce a factor of about .56 between 

2.5 e.v. and .2 e.v. This corresponds to an increase i n the predicted power 

law of about 0.23. 

A more accurate calculation taking into account the true shape of the 

B r i l l o u i n Zone would probably show a bigger effect, because i n some directions 

i n k space.the bandwidth i s considerably less than 4.5 e.v. 

(2) Donor States 

Marley and Dockerty (1965) showed that f o r donor concentractions up 
I S = 7 -

to about 3 x 10*~ cm a substantial number of donors were not ionised, l l n 

deriving 6.3.1. Summitt and B o r r e l l i used Hall measurements for K which 
only measures free carriers). They obtained donor levels of the order of O.le.v. 



2.lo 

belovr the band edge. For radiation of greater energy than this these electrons 

contribute to absorption, but the states to which they are excited are correspondingly 

lower than f o r the free carriers. The f u l l effects of this have not been worked 

out, but a simple way of dealing with t h i s i s to use the number of donors, 

rather than the number of carriers, i n the formula. (This should be accurate 

when the photon energy» O.le.v.) The absorption measurements at the longest 

wavelengths are done on the crystals with fewest donors. Suinmitt and Borrelli's 
17 

purest crystals had a carrier concentration of 1.1 x 10 , and from Marley and 

Dockerty we would estimate about 0.4 of the donors are ionised. (This figure 

should be treated with caution). This would change the power law(for the whole 

collection of specimens, rather than individual crystals) by about 0.35. 

This factor also explains why the absorption i s unchanged at low tempera

tures, while the carrier concentration of the low donor concentration specimens 

f a l l s substantially. 

(3) Refractive Index 

The variation i n index over the range i s f a i r l y small f o r pure specimens* 

However, for doped specimens the free carriers w i l l change € (=n ), and at 

longer wavelengths w i l l produce plasma effects. The simplest method i s to calculate 

the plasma frequency ( f o r which€=£>) and th e n c l i e s on a straight l i n e on a X 

plot from € =4 at X =0 to € = 0 a t X * t the plasma frequency. 
In M.K.3. u> =1 NB e ( e i s free space € ) P / 0 

I f H = 1025m~5- m = 0*26 x 1 0 - 3 0 j l * and £ =4, 

COp = 1.66 x 1 0 ^ sec -* 

or X = 11.4yu 

Absorption from such a crystal i s measured out to a wavelength of about 2-ju» 



The refractive index i s then about 2$ too low, so this effect i s small. 

(As, of course, are any other plasma effects). I f very thin^crystals were used 

i t would not be so small. 

The magnitude of the effect on the power law of this 2$ change can be 

estimated by assuming that the absorption coefficient for any specimen i s measured 

over a range of a factor of 10. The refractive index at the lower end w i l l be 

about 0.4$ low, so the change over the range i s 1.6$. This corresponds to a 

change of about .020 i n the power law f o r an individual specimen. 

At the longer wavelengths the change i n the power law due to the l a t t i c e 

dispersion may be roughly estimated. Between and 6yu the refractive index 

changes by about 44$. The change i n power law i s then about .06 . At wave

lengths < l y u there i s a rather smaller change due to dispersion i n that region^. 

The i n t r i n s i c dispersion might produce an average change i n the power law of about 

.035. 

(4) Corrections to the Simple Formula 
4-

The terra ( l - ̂  ) reduces the predicted 2.5 power iaw. The average 
o> ' 

corresponds approximately to X = 20yu, so that at 6yu K i s reduced by a 

factor of .84 and at -Jyu by a factor of .99. The average reduction i n the power 

law i s thus . 07 . The J3 terms i n ( 2 . 4 . 4 . ) also reduce the power lav:, but they 

are small at R.T. and negligible at low temperatures. They would, however, explain 

the observed reduction i n the power lav: at 900°K. 

(5) Degeneracy 

There are two possible effects here which might affect the more 

heavily doped samples wliich are degeaerate. The f i r s t effect i s that i f the band 

shape i s unchanged bj: the impurities moat of the electrons l i e substantially 

above the bottom of the band. The second effect i s ttiat the formula for the Hall 

effect f o r non-degenerate specimens contains a mathematical constant, while 



f o r degenerate specimens i t i s considered to be absent. 

The former effect i s l i k e l y to be largely cancelled out by the 

impurity states for heavy doping merging with the bottom of the band to form 

a "strong" impurity band. These extra states w i l l equal the electrons i n number 

and are l i k e l y to prevent electrons from having appreciably large energies. 

The second effect means that the carrier concentration of heavily doped specimens 

has been over-estimated. The effect of this might be to reduce the "observed" 

power law by an average of about 0.08 (but not the power law for individual crystals). 

Combined Effects 

There are two comparisons between theory and experiment that can be 

made for the power law. The f i r s t i s the overall power law and the second i s that 

for an individual crystal. 

For the overall comparison, effects ( l ) , (3) and (4) increase the theoretical 

power law from 2.5 to 2.695. Effects (2) and (5) reduce the "observed" power 

law from 3.0 to 2 .57 t so that the corrections have been too big too obtain 

exact agreement between theory and experiment. However the biggest correction 

(2) i s uncertain and might well be smaller. The agreement i s satisfactory. 

For the individual comparison the theoretical law i s increased fo r 

effect [3). tcj^ a t o i a l of 2.715 I but with considerable variation f o r different 

parts of the spectrum), while the "observed" law i s unaffected at around 3.0. 

The agreement here i s seen to be worse. Two points should be made. Closer 
examination may show that effect (2) changes the individual law. 
Experimental error i n measuring the individual power law i 3 more than that i n the 

overall law, because j^zero error i s more important and the wavelength range i s 

less. 

Clearlyjdetailed future work should provide interesting comparisons of 

theory and experiment. 



6.3.2. Magnitude for Free Carriers 

We w i l l now compare theory and experiment using what we consider to be 

the best parameters. We assume the absorption due to the different phonon 

branches to be additive and obtain the result that the high energy phonon has 

about 5.8 times the effect of the two low energy-ones combined. We calculate 

for I = 0 that the high energy phonon contribution at \ = 3yu i s about 2 x 10 N 
-1 —IT —1 

cm- and adding 20$ f o r the other phonons gives 2.4 x 10** N cm" . We have 
w 

used m = .25m. Sumraitt and B o r r e l l i found 4.6 x 10 N experimentally, 
but i f allowance i s made for incomplete ioniaatLon of donors, this becomes about 

-17 
3 x 10 N which i s satisfactory agreement, especially i f allowance i s made 

for other scattering mechanisms. 

Provided T i s f a i r l y small and we consider photon energies far which 

the correction terms i n Visvanathan's formula are small, the temperature 

dependence i s given bg e kT + 1 . The lower temperature phonons thus show the 

e kT — I 

biggest increase with T, but t h e i r contribution i s f a i r l y small (<20$). For 

simplicity we thus take an average fcu>i= 880°K. (The largest phonon has 1040°K). 
k 

At T = 295°K the factor i s about 1.1, and at 900°K i t i s about 2.2. The theoretical 

r a t i o between 295°K and 900°K i s thus i n (exact) agreement with experiment. The 

exact agreement i s fortuitons, because when T i s very large, K varies at T^ 

(Gurevich, Lang and Firsov equation (20) ) . 

6.3.3. Impurity Scattering 

One reason why this i s unlikely to be very important i s thetK would be 

l i k e l y to vary with T at low temperatures. In some specimens the reduction i n 

the number of ionized donors at low temperatures might roughly cancel the (^T) 
term, but this w i l l not apply to a l l dopings. From (2.4.5.)^theoretical magnitude 



for M ± = N g = 1 0 1 8 cm-3, Z = 1, T = 295°K, m* = ,26m, X = lyu and £= 4 i s 0.2cm"^ 

which i s only 8$ of the absorption. Larger dopings would raise t h i s figure, but 

then screening vrould be important. 

6.3.4. Folaron Effects 

The t o t a l coupling c o e f f i c i e n t ^ * for the thcee 'proper' phonons, 

with Wc = .28 m, i s 1.3* As mentioned i n 2.4 calculations using the Feynman 

polaron have shown that when«t= 3 polaron resonances are d i s t i n c t l y v i s i b l e . 

The reduction of<* to 1.3 would seem l i k e l y to almost wash thert out. The effect 

might be observable as slight variations i n the power law at different wavelengths. 

.6.3.5. Classical Formula 
2 —18» — 1 

The classical formula i n 2.4.1. leads to K = 40 X x 10 Ttf cm" , 

where A i s i n microns, assuming a mobility of 100 cm / volt cm (Morgan 1966). 

At \= 3yu t h i s i s about 8 times the observed value. At higher temperatures, where 

the classical formula might be expected to be better, the agreement i s only a l i t t l e 

better because the mobility f a l l s . Higher mobilities or a higher effective mass 

would improve the agreement. 

6.3.6. Absorption Edge 

I t can be seen from f i g . 5.3.6. that the l i g h t doping (^5 i 10^/cc.) 

of S.14 has almost completely removed the defect absorption. Assuming the defect 

centres are s t i l l present, this can be explained by the defects capturing one 

or more electron each i n an analogous way to the electron a f f i n i t y of an atom. 

One of the interesting points about the heavily doped (S.15) 

results i s that at high absorption levels the J. polarisation returns to near i t s 
u. 

undoped position but the // polarisation does not. Thisainight be explained as 

the breaking down of the forbidden nature of the n absorption when the lower 

conduction band states are being mixed with impurity states. 

The s h i f t of the absorption of S.15 to lower energies i s interesting. 



Koch (1964) gave results of f i l m measurements which showed that at high absorp

tion levels heafcy doping shiflts the absorption to higher energies. This s h i f t 

was explained on the basis of the conduction band f i l l i n g up and so reducing the 

number of empty states for interband absorption. The s h i f t i n the opposite direction 

at low energy might be due to the screening effects of the carriers reducing the 

long range coulomb interaction of the optical phonons. This would reduce the 
D 

effective values of H and s h i f t absorption to lower energies, especially at low 

absorption levels. 

A f i n a l interesting point about the absorption edge i s the small s h i f t 

at nitrogen temperature ( f o r S.15). The s h i f t seems to get larger at higher 

absorption levels 8nd may become the same^above, say, 500 cm" . There does not 

appear to be an obvious explanation of the smallness of the s h i f t . 

6.3.7. Application to transparent Electrodes 

SgOg films(used to make transparent electrodes. We shall now derive 

the minimum theoretical resistance per square of such films. We avbiljarily 

assume the minimum transmission permissable at 5000& to be l/e, i.e. that Kd 

i s 1. The resistance ĵ we square i s given by («• d)-''" = (dneyu)""''. From (6.3.1.) 
18 2 we derive d n = 10 i f Kd = 1, Assuming^1 = 100 cm / v. sec. (Morgan 

1.7 x (0 .5) 5 

1966) we obtain the minimum resistance as 0.013 ohms per square. Films are 

l i k e l y to have a lower mobility, so i t would be d i f f i c u l t to obtain such a low 
resistance. Also very highly doped material i s l i k e l y to have a lower mobility. 

20 —3 

I f a f i l m as thin as 0.01 cms i s required, a dfcping of about 5 x 10 cm i s 

needed for minimum resistance. 



6.4 Chromium Doped Crystals 

The f i r s t thing to notice about f i g . 5.2.1. i s that the peak around 2.3 e.v. 

i s thinner fo r ̂ than ̂ absorption, which i s the reverse of the defect absorption. On 

the theory given i n 6.2. t h i s i s an indication that the optical transition i s an 

internal one and does not involve electron states i n neighbouring unit cells. The 

widths of the peaks at half the maximum absorption cannot be accurately determined 

because of uncertainty about background absorption, but widths of 0.38 and 0.51 e.v. 

for.J_and // absorption respectively appear reasonable. The slight differences i n 

the position of the maxima may be related to these differences i n widths. The 

width at half the maximum i s , on Eagles' theory, roughly equal to S few and also to 

the displacement of the peak from the zero phonon transition. Thus i f the basic 

transition energy for the two polarisations i s equal, or very nearly equal, the/j 

peak should be at about 0.13e.v. higher energy. From f i g . 5.2.1. th i s difference 

appears to be only about 0.055e.v., but i t should be noted that i f Kiuhad been 

plotted the // peak would s h i f t about 0.04e.v. to higher energy while the 1 peak 

would only s h i f t about 0.015e.v. The observed difference would then become 0.08 e.v. 

I f the transition i s an internal one i t i s l i k e l y to show s i m i l a r i t i e s to 

chromium transitions i n other materials such as ruby. (The colour i s very similar 

to ruby). In that case two peaks would be l i k e l y , with one i n the blue or near 

U.V. Fig. 5.2.1. shows some evidence of a second peak, especially for^absorption, 
u 

However, for jj absorption i t must be remembered that the defect absorption of 
.14 

S.8 has been subtracted, and that this i s larger for // absorption i n the region 

of interest. This absorption has a peak at around 3.4 e.v. of about 40 cm ^J 

so that i f S.20 hag. say, 20$ fewer defects then the I! absorption w i l l rise 

i n a similar way to theJ.absorption between 2.9 and 3.3 e.v. and j o i n smoothly onto 

the points around 3>65e.v. The same 20?° less defect absorption forJ_absorption 

removes the downturn beyond 3.3e.v. (except for the f i n a l point, which, apart from 

any differences i n defect absorption, has an exceptional experimental e r r o r ) . 
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6.5 Refractive Indices (and Multi-phonon Peaks) 

6.5.1 I.R. Dispersion 

The I.R. d i e l e c t r i c constants derived from the r e f r a c t i v e index 

measurements were shown i n f i g s . 5.4.2 and 5.4.$. Also shown are the 

theoretical points calculated from the phonon analysis of 5.6. The 

theowtical points are tabulated i n table 6.5.1. The parameters were 

adjusted to give a good f i t , and the f i t i s indeed seen to be satisfactory. 

A phonon analysis was f i r s t performed without using t h i s data, and that 

analysis gave the points shown i n f i g . 5.4.2 for J. polarisation. I t 

shows that there must have been considerable error i n the e a r l i e r results; 

the error should be reduced by forcing agreement with the I.R. dispersion. 

The discrepancy between the f i r s t phonon analysis and the I.R. dispersion 

for // polarisation was small. 

The remaining differences between theory and experiment can be 

reduced by allowing f o r the subsidiary (two phonon) peaks at energies 

higher than the highest energy phonon. The peaks with largest integrated 

absorption are those from roughly 8.8 to 1(yu (see f i g . 5.4.9). Pig. 5«4«3 

shows our measurements i n unpolarised l i g h t . Summitt and B o r r e l l i (1965) 

shows that the absorption foji Uiu I MM iii.iluiiu>iUlUiro i s somewhat di f f e r e n t 

f s r the two polarisations, but the ref r a c t i v e indices were measured i n 

unpolarised l i g h t , so the correction i s probably best made with the 

unpolarised absorption. To allow f o r the absorption we use equ. 2.29b of 

Moss (1961): 

KdX n -1 
2TT 

(6.5.1 ) 
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Here we want to isolate the e f f e c t of a small part of a l l absorption, 

so we write 6.5*1 as 

- <•,). • & j ^ 

where (n ) i s what n would have been at wavelength without the o a ct 
extra absorption. The change i n d i e l e c t r i c constant (n ) can be seen to 

be 

K > j K d i . ? 

^ \ ^ ) } 

t u 
where we have approximated the absorption^concentrated at 9 .4yu . (This 

approximation must cert a i n l y not be used between 8.8 and 10yu) . K 

averages about 100 cm ^ i n the region, so jKdX = .012 . These 

corrections are calculated and shown i n table 6 . 5 . 1 . 

6 .5 .2 Multinhonon Lattice "Peaks" 

Summitt and B o r e l l i (1965) give an in t e r p r e t a t i o n of some of 

the absorption "peaks" between 7 and 13^u. This, however, seems very 

optimistic and tenuous. The "peaks" represent not fixed energies, but 

maxima i n phonon density of states functions (as i s corroborated by 

the broad and variously shaped "peaks"). There are not even any 

"van Hove s i n g u l a r i t i e s " c l e a r l y resolved to help pinpoint features. I t 

seems to the present author that any i n t e r p r e t a t i o n of these "peaks" must 

wait u n t i l a much f u l l e r understanding of the whole phonon spectrum i s 

obtained, including phonons that are not I.R. active and the symmetries 

and selection rules. 
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However, the f i n a l r i s e i n the absorption at 11-12yu 

( J_ absorption) and <v13^u ( /^absorption) can be related to the 

broadening of the highest energy main phonon peaks. The difference 

between the above wavelengths supports the i n t e r p r e t a t i o n (see 5.6) 

of the \\ peak being at a longer wavelength than the J. one. 

6.5.3 Short Wave Length Dispersion 

Absorption i n the U.V. region would not normally be 

expected to be uniform, and f a i r l y pronounced maxima would be expected, 

due perhaps to maxima i n density of states functions. Maxima have 

been observed i n other semi conductors (see e.g. Moss 196$ ) . 

For t h i s reason i t i s reasonable to t r y to explain the dispersion curve 

mainly i n terms of a single o s c i l l a t o r i n the U.V., although t h i s w i l l 

only be an approximation. I n p a r t i c u l a r , the re f r a c t i v e index close 

to the U.V. absorption edge w i l l be affected by the moderately large 

absorption nearby. So the model used to f i t the results was a single 

large o s c i l l a t o r and a small one near the edge. Another factor to be 

born i n mind i s the m u l t i p l i c i t y of valence bands. How good the model 

might be can be judged from the r e s u l t s . A l i t t l e algebra makes the 

model clearer. 

The model i s 

n 2 = A + B \ 2 + C X2 (6.5.1) 
\ "" \ ^ \ X <j 

or, expanding, n 2= A+B+G+ ^2 [ B \ 2 + C \ 2 } + ^ ^B \|+C \* ̂  + ... (6.5.2) 

This shows how the e f f e c t of the smaller o s c i l l a t o r (with increases 

fo r smaller \ ( i f \_ > X, ). 



The five adjustable parameters A, B, C f \ , ^ v ̂  °f course give a l o t 

of freedom and many combinations would give quite good f i t s . However for the 

model to be useful we want ( l ) C small and \^ close to the absorption edge so 

that i t i s only really a correction factor and (2) B to be large and A not 

very much greater than unity (A - 1 represents contributions at wavelengths 

much shorter thanXj. e.g. transitions from inner electrons to the conduction 

band. These are usually small). The results of a l i t t l e t r i a l and error are 

shown i n tables^2 and 3 and also plotted i n Pig 5.4.IK (The experimental 

values for the longer wavelengths need correction for the small I.R. contribution). 

As can be seen there i s a reasonable scatter of points, except around \ = 3800S 

where there appears to be a jump of about 1 i n 400 ( l i n 800 i n n) which i s 

more than double what the maximum error should be (for nearby points) and i s 

d i f f i c u l t to explain physically f o r the extraordinary index where the absorption 

edge i s farther away. (For that index i t coincides with the rise of the hump 
hl -1 i n the absorption (see sec. 5xa£). However that i s only K «/30cm and using 

e.g. the formula given by Moss ±96$ (equ. 2.29(b)) n - 1 = 1 
00 
r 

V. 
-5 

for the relation between K and n A contribution of ̂ 10 only i s obtained, n 
a a i s the index at ̂  ) . So further wavelength calibrations are called for (about 

3 - 4 X i s the discrepancy). 

The model f i t s both indices f a i r l y w e l l , perhaps the extraordinary 

one better. 

Extraordinary Index 

n 2 = 1.44 + 2&I . ^01 

' 1 1 ^ 
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\ being measured i n ^u. So \j= 155oX, ̂ 2 = 2790A. The second 

o s c i l l a t o r i s j u s t a correction factor, and c e r t a i n l y does not mean 
o 

there i s a peak at 2800A. Taking i t to represent absorption from 
o 

2550-3000A, the average absorption c o e f f i c i e n t from Moss's formula 
2 4 - 1 

given above i s K = .0037 x 2V = 1.7 x 10 cm , which i s i n order of 
450 x 10-° 

magnitude agreement with extrapolated values of the absorption c o e f f i c i e n t 

(see 5.1 ) (Explanatory note:- the o s c i l l a t o r gives a contribution of 

.015 to n*" at X= «© . This corresponds to a contribution of .0037 to n ) . 

For the main o s c i l l a t o r , equ. 6.5.2 shows that the most 
2 1 

accurately kno\*n parameter i s B (the c o e f f i c i e n t of —g ) However 
\ 2 X 

large departures from the values given for \ ( , and B separately give 

considerably worse f i t s , and i f the model i s roughly applicable, they 

should be right to within 10%. Although other more complicated models 

would give equally good f i t s , the f a c t that a single main o s c i l l a t o r 

f i t s f a i r l y well shows that a single main peak i s possible. Very 

l i t t l e can be deduced about the shape of the peak. The value of A 

should be > 1, giving a maximum value of B of 3.1 showing that the 
o .2 

minimum value of ^ i s 1460A (from the value of A ̂ ). 

Ordinary Index 

This was f i t t e d by 

n 2 = 1.572 + 2.15 + .050 
. .028 .094 

\ 2 " \2 
o . o 

implying A1 = 1670A A ? = 3070A. The model does not f i t quite so 

well here, as the small o s c i l l a t o r i s three times bigger than previously 

and the large one 25% smaller, leaving A bigger at 1.57(2). However, 



the s i z e of the small o s c i l l a t o r agrees with the larger extrapolated 

value of the ordinary ray absorption c o e f f i c i e n t (see 5-0 and a l 3 0 

with the thin film measurements. The f i l m measurements are presumably 

determined by ̂  Kj^. I f the small o s c i l l a t o r represents absorbtion 
o o A _ i 

from 2850A to 3300A, the average value of K i s 5.5 x 10 cm . 

The fact that the main o s c i l l a t o r i s considerably smaller 

than f or the other polarisation and the value of A larger ( i n spite of 

being the smaller r e f r a c t i v e index) indicates that the peak i s l e s s 

pronounced. This i s also borne out by the larger small o s c i l l a t o r 

and f a i r l y large thin f i l m values down to 24002 (assuming them to be 

due to this c o e f f i c i e n t ) . 

Both Polarisations 

A more rigorouse use of the U.V. re f r a c t i v e indices would be as a 

check on U.V. absorption r e s u l t s by the use of int e g r a l formulae given 

i n 2 . 3 . 

The position of the main peaks at about 7.4 and 8.0 e.v. can be correlate 

with mc. The peak i s l i k e l y to roughly correspond with the maximum i n 

the density of states where the conduction band f l a t t e n s off at the edge 

of the B r i l l o u i n zone. I f the B r i l l o u i n zone i s approximated by a sphere 

i n the usual way then t h i s maximum occurs about 4.2e.v. above the bottom 

of the band for mc = ,028m and for a sinusoidal band. I f the weighted 

mean energy of the valence band i s 0 S8 e*v. from top of the band, and 

the band gap i s taken as 3.5e.v., then the conduction band width works 

out at 3*1 and 3.7 e.v. for the two polarisations, compared with the 

figure of 4.2e.v. given above. This agreement i s s a t i s f a c t o r y i n the 

circumstances. ( i t should be noted that most values of m quoted i n 
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the l i t e r a t u r e are smaller than 0.28m, and these would give worse 

agreement). 

A c u r i o s i t y i s that the smaller r e f r a c t i v e index belongs to 

the polarisation which has the absorption edge and main o s c i l l a t o r 

peak at longer wavelengths. This i s the reverse of what i s expected 

on simple ideas. 

7.0 DISCUSSION 

A reasonably consistent picture of many of the properties 

of Sn02 has emerged from the work. Partly because a good understanding 

of some of the properties was not achieved u n t i l a f t e r the experimental 

work had finished, more experiments could be made to test s p e c i f i c parts 

of the theory. Also, a better understanding of some parts of the theory 

i s needed. For brevity we s h a l l only discuss a few points here, rather 

than repeating many points made e a r l i e r . 

Quite a l o t of f i l l i n g out of the bare bones of theory and 

experiment presented here could be done by the same methods as used here, 

(indeed, we s t i l l have some unanalysed r e s u l t s ) . 

Somewhat different new approaches might be: 

(a) An application of group theory to both the valence and 

conduction bands. For the conduction bands the effect of 

the two t i n atoms i n the unit c e l l should be c l a r i f i e d . 

(b) A good appreciation of how f a r the valence electron wave 

functions should be treated on an atomic, and how f a r on a 

unit c e l l b a s i s . 



(c) Sharp zero phonon absorption l i n e s at around 2.9 e.v. 

might be looked for i n thick c r y s t a l s with high defect 

concentrations. 

(d) The d i s t o r t i n g effect of polaron e f f e c t s on the conduction 

band and hence on a range of other properties might be 

investigated. For example from I.R. work Lyashenko and 

Mi l o s l a v s k i i (1965$ obtained an eff e c t i v e mass varying with 

(degenerate) c a r r i e r concentration 

(e) The s i m i l a r i t i e s and differences of SnO^ and C^O should be 

explored. Both have forbidden exciton spectra, but multi-

phonon a s s i s t e d transitions appear to be unimportant i n Ou^O, 

indicating low phonon coupling. The d i e l e c t r i c constants 

of C^O are quoted as €tt= 7.3 and £ £ = 8 . 5 by several authors, 

which would indicate surprisingly small i o n i c i t y . Brown (l963) 

quotes fc^^ 4.0 and£ 4= 10.5 which would give stronger coupling 

than i s observed. The l a t t e r figures seem dubious as the 

reference quoted by Brown i s i r r e l e v a n t and so h i s source 

cannot be checked. Assuming the former figures to be correct 

the small difference between them compared with SnOg i s 

surprising because Pauling (1960) quotes the relevant e l e c t r o 

negativity values as both being 1.9. A small factor that 

would make SnC^ more ionic i s that the MadeMng constant of 

r u t i l e i s s l i g h t l y more than that of cuprite. This factor 

would only be small, and so there would seem to be scope for 

further work here. 

F i n a l l y , the references are not intended as a complete bibliography, 

but are generally only those that a r i s e d i r e c t l y from the text. 
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