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INTRODUCTION 

The i m p o r t a n c e of m e t a l s t o o u r p r e s e n t day w o r l d I s u n d e n i a b l e . I t 

f o l l o w s t h e n t h a t t h e r e c o v e r y o f m e t a l s f rom t h e m i n e r . 1 d e p o s i t s o f t h e 

e a r t h i s o f p r i m a r y n e c e s s i t y t o modern c i v i l i z a t i o n . T h e r e i s t h u s n o t h ­

i n g u n r e a s o n a b l e i r t h e s t a t e m e n t t h a t t h e m i n e r a l and s t a t ed i n d u s t r i e s 

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

T h a t s y s t e m of knowledge t o which t h e p r e s e n t s t a t u s o f t h e m e t a l i n ­

d u s t r y i s d u e , and t o which i t m u s t l o o k f o r f u t u r e d e v e l o p m e n t s and e c o n o ­

m i e s i s t h e s c i e n c e o f m e t a l l u r g y * T h i s s c i e n c e d e a l s w i t h t h e s o l u t i o n o f 

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

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

t r o p i e s , i s o t h e r m s , and t h e l i k e , - i t s u l t i m a t e a im i s t o e c o n o m i c a l l y e x ­

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

c o m m e r c i a l p u r p o s e s * 

I t i s t r u e t h a t w h i l e N a t u r e i s a b u n d a n t , l i t t l e o r n o e x a c t knowledge 

i s r e q u i r e d . R i c h o r e s mined and s m e l t e d i n d a y s p a s t d i d n o t r e q u i r e e x ­

t r e m e l y r e f i n e d m e t h o d s . Bu t M a t u r e c a n n o t and d o e s n o t r e m a i n e x t e r n a l l y 

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

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

p a r t i c l e o:? m e t a l be t a k e n f rom t h e o r e . Each s m a l l d e t a i l o f t lie p r o c a s s e e 

mus t be worked o u t . A l l o f t h e t r i c k s t h a t I fo tu re e x e r c i s e s i n t a c k i n g away 

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

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

t u r n e d o u t i n t o t h e w o r l d a s u s e f u l m e t a l . . 

And t h u s i t i s -feat m e t a l l u r g y h a s b e e n f o r c e d t o grow from a c r u d e a r t , 
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i n a n c i e n t t i m e s mak ing u s e o f l o o s e l y b u i l t s t o n e f u r n a c e s and i n v o c a ­

t i o n s t o s u n d r y g o d s , t o i t s p r e s e n t s t a t e o f e f f i c i e n t p r o d u c t i o n , whe re 

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

a l l b r a n c h e s o f e n g i n e e r i n g . 
Cp 

As p o i n t e d o u t by H . IS. Head , t h e m e t a l l u r g i s t s Job now i s t o t e a r 

down c h e a p l y and i n a few h o u r s what h a s t a k e n n a t u r e c o u n t l e s s c e n t u r i e s 

t o p r o d u c e . And t h i s c a n n o t b e done b l i n d l y and w i t h o u t some d e g r e e o f 

u n d e r s t a n d i n g o f t h e m a t e r i a l s b e i n g worked u p o n . C o n s e q u e n t l y we f i n d 

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

n e n t o f m e t h o d s i n b o t h t h e l a b o r a t o r y and t h e p l a n t . T h e r e was a t i m e 

when r o u g h q u a l i t a t i v e t e s t s s u f f i c e d f o r a l l o p e r a t i o n s . Then came e x ­

a c t q u a n t i t a t i v e c h e m i c a l a n a l y s e s wh ich d e t e r m i n e d how ranch of t h e v a r i o u s 

m e t a l s we re p r e s e n t . Bu t t h e t r e a t m e n t o f low g r a d e o r e s n e c e s s i t a t e d 

e o n c e n t r a t i o n of t h e m i n e r a l s t h e m s e l v e s , a n d i t became a m a t t e r o f e x t r e m e 

i m p o r t a n c e a s t o n o t o n l y wha t m e t a l s we re p r e s e n t , b u t how w e r e t h e y p r e s ­

e n t - i n what m i n e r a l s and how w e r e t h e s e m i n e r a l s d i s t r i b u t e d t h r o u g h ­

o u t t h e o r e . A t t h i s p o i n t we f i n d t h e i n t r o d u c t i o n of t h e m i c r o s c o p e a s 

a m e t a l l u r g i c a l t o o l d i r e c t l y a p p l i c a b l e t o t h e s o l u t i o n o f p r o b l e m s i n 
(z) (?) 

t h e economies o f o r e d r e s s i n g . Head , Head a n d C r a w f o r d , and v a r i o u s 

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

s c o p i c i n v e s t i g a t i o n s i n or© d r e s s i n g o p e r a t i o n s . 

As o r e s become l e a n e r , m e t a l l u r g i c a l knowledge m a s t c o n f i n e i t s e l f 

t o s m a l l e r and s m a l l e r d i m e n s i o n s o f m a t t e r . I n o t h e r w o r d s , f u n d a ­

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

d a y and f u t u r e m e t a l l u r g i c a l o p e r a t i o n s . Thus we f i n d s u c h work a s t h a t 
tsr) 

on F l o t a t i o n F u n d a m e n t a l s a s done a t t h e U t a h E n g i n e e r i n g E x p e r i m e n t 
(O (7) 

S t a t i o n , and o t h e r p a p e r s on f l o t a t i o n , and s u c h work a s R a l s t o n ^ 
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(0) 

on I r o n Ood.de R e d u c t i o n B q u i l l i b r i a , and Efeier** an t h e Thersaev f i ra-

m i c s o f Z i n c , b e g i n n i n g t o a p p e a r * 

S i n c e 1 9 1 2 , a new b r a n c h o f knowledge h a s d e v e l o p e d wh ich s h o u l d 

p r o v e t o b e o f lumens e v a l u e t o m e t a l l u r g y , n a m e l y , t h e s t u d y o f t h e 

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

b l e p r o g r e s s h a s a l r e a d y b e e n o b t a i n e d . Some g e n e r a l d i s c u s s i o n s o f t h i s 
(9) 

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

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

p r o c e s s m e t a l l u r g y - t h a t i s , t h e r e c o v e r y o f m e t a l s f rom t h e i r o r e s . 

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

t i o n on p r o b l e m s met w i t h i n t h e r e c o v e r y of m e t a l s i s c e r t a i n l y n o t v e r y 

f a r f rom a h i g h p r o b a b i l i t y . I n v i e w o f t h i s s i t u a t i o n , work on t h e p r o ­

b l e m e n t i t l e d , "The C r y s t a l S t r u c t u r e of M i n e r a l s and I n t e r m e d i a t e M e t a l ­

l u r g i c a l P r o d u c t s a s a Guide t o t h e Improvement o f Ore D r e s s i n g a n d M e t a l ­

l u r g i c a l P r o c e s s e s ' ' h a s b e e n s t a r t e d i n t h e D e p a r t m e n t o f M i n i n g and 

M e t a l l u r g i c a l R e s e a r c h o f t h e U n i v e r s i t y o f U t a h . 

http://Ood.de


P u r p o s e , S c o p e , and D i v i s i o n o f t h e P r o b l e m 

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

s o l i d s t a t e * The mode of t r e a t m e n t and t h e r e s u l t s o b t a i n e d depend u p o n 

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

j u s t a s much a s t h e y depend on t h o s e p r o p e r t i e s o f t h e o t h e r s u b s t a n c e s 

employed i n t h e o p e r a t i o n s • 

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

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

s t r u c t u r e . C a l c u l a t i o n s made on t h e b a s i s o f t h e e l e c t r o s t a t i c f o r c e s 

b e t w e e n a toms i n a c r y s t a l l a t t i c e h a v e l e d t o t h e e v a l u a t i o n o f p h y s i c a l 
OP) {//) 

c o n s t a n t s i n good a g r e e m e n t w i t h e x p e r i m e n t a l v a l u e s . Born and Lande 
M 

h a v e shown how t o d e t e r m i n e t h e s e f o r c e s . K o s s e l h a s b e e n a b l e t o a c c o u n t 

f o r many p r o p e r t i e s of c h e m i c a l compounds on t h e b a s i s o f s i m i l a r c o n -

e o p t i o n s . Lucken r e m a r k s : on t h e w h o l e , e v i d e n c e h a s b e e n p r o d u c e d 

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

a r e i d e n t i c a l w i t h t h e f o r c e s wh ich d e t e r m i n e t h e c o h e r e n c e of t h e c r y s -

t a l . w B ragg h a s shown t h a t t h e o n l y p r o p e r t i e s w h i c h a r e n o t d i r e c t l y r e ­

l a t e d t o t h e c r y s t a l s t r u c t u r e a r e t h o s e few w h i c h d e p e n d upon t h e a t o m i c 

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

e s p e c i a l l y t o t h e t h e o r y o f f l o t a t i o n , h a s b e e n e x p r e s s e d by Bragg a s 
OS) 

f o l l o w s : 

"We m u s t b e a r i n mind a l s o t h a t t h e r e i s s o m e t h i n g even more i m ­
p o r t a n t t h a n t h e s o l i d i t s e l f , Homely t h e b o u n d a r y b e t w e e n s o l i d and l i ­
q u i d o r g a s . I t i s h e r e t h a t • v a s t number of c h a n c e s c o n t i n u a l l y t a k e 
p l a c e which a r e e s s e n t i a l t o t h e p r o c e s s e s of I l a t u r e , a n i m a t e a n d i n a n i m a t e . 
A t t h e s u r f a c e t h e f r e e d i s o r d e r o f t h e l i q u i d comes i n t o c o n t a c t w i t h "fee 
s o l i d and i t s c o n s t r a i n e d r e g u l a r i t y . The two p h a s e s m e e t , i n t e r c h a n g e 
e x i s t e n c e s and e x e r t m u t u a l i n f l u e n c e s j u s t a s l a n d and s e a m u t u a l l y e n ­
c r o a c h and a f f e c t e a c h o t h e r . T h a t i s why t h e s t u d y of s u r f a c e a c t i o n s , 
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o f c a t a l y s i s , a n d o f c o l l o i d a l phenomena a r e o f s u c h i n t e n s e i n t e r e s t and 
i m p o r t a n c e . Now t h i s s u r f a c e a c t i o n i s g r e a t l y i n f l u e n c e d by t h e o r i e n t ­
a t i o n of t h e m o l e c u l e s of t h e s o l i d ; one f a c e o f a c r y s t a l fox example 
h a s n o t t h e same p r o p e r t i e s a s a n o t h e r . We c a n n o t e x p e c t t o u n d e r s t a n d 
t h e b e h a v i o r of t h e s u r f a c e u n l e s s we know wha t i s a t t h e b a c k o f i t i n 
t h e s o l i d , and w h e t h e r t h e r e g u l a r i t y o f t h e s o l i d i s c o n t i n u e d t o t h e 
s u r f a c e a b s o l u t e l y o r i s m o d i f i e d a s i t a p p r o a c h e s t h e o p e n , and how t h e 
m o l e c u l e p r e s e n t s I t s e l f t o t h e l i q u i d o r g a s o u t s i d e , and wha t a r e t h e 
s p e c i a l p r o p e r t i e s of t h e p o r t i o n s s o p r e s e n t e d . * 

A moments t h o u g h t w i l l c o n v i n c e one t h a t t h e v a r i e t y o f s o l i d s 

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

o f t h e p r e s e n t p r o b l e m i s I n d e e d v e r y w i d e , and i t c a n n o t b e hoped t o 

more t h a n g i v e a few g e n e r a l i n d i c a t i o n s o f p o s s i b l e r e s u l t s and t o I n ­

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

In i m m e d i a t e d i v i s i o n i n t o two main b r a n c h e s i s a p p a r e n t f rom t h e 

t i t l e o f t h i s p a p e r ; 

1 . The c r y s t a l s t r u c t u r e o f m i n e r a l s . 

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

The p r e s e n t d i s c u s s i o n s h a l l t a k e u p t h e f o l l o w i n g s u b j e c t s i n t h e 

o r d e r named: 

1 . The c r y s t a l l i n e s t a t e , i n w h i c h a b r i e f d e s c r i p t i o n o f t h e 

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

2 . C r y s t a l s t r u c t u r e s t u d i e s a n d m i n e r a l o g y . 

3 . C r y s t a l s t r u c t u r e s t u d i e s and i n t e r m e d i a t e m e t a l l u r g i c a l 

p r o d u c t s . 

4 . The p r e s e n t e x p e r i m e n t a l w o r k . 
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T E S cHraT:a,L23ta SOMITE 

( i ) 

T h a t s t a t e o f m a t t e r c h a r a c t e r i z e d b y a d e f i n i t e and r e p e a t e d 

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

t i o n s i n a s p a t i a l l a t t i c e , i s c a l l e d t h e c r y s t a l l i n e s t a t e . Such s 

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

n o t b e c o n s i d e r e d a t t h i s t i m e , i t i s t o b e n o t i c e d t h a t t h e i s o ­

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

s l a g s , c a n n o t came u n d e r t h e a b o v e c l a s s i f i c a t i o n . T h e s e l a t t e r a r e 

o c c a s i o n a l l y more a p p r o p r i a t e l y c a l l e d u n d e r - c o o l e d l i q u i d s . 

With t h e e x c e p t i o n s o f g l a s s e s , p r a c t i c a l l y a l l s o l i d s a r e c r y s ­

t a l l i n e . The o l d d i s t i n c t i o n be tween amorphous and c r y s t a l l i n e 

m a t e r i a l h a s a l m o s t c o m p l e t e l y d i s a p p e a r e d . Thus amorphous c a r b o n 

h a s b e e n p r o v e n t o be d i s t i n c t l y c r y s t a l l i n e . The t e r m amorphous now 

i s synonomous w i t h i s o t r o p i c and a p p l i e s o n l y t o t h e g l a s s e s and p e r h a p s 

t o v a r i o u s t r a n s i t i o n s t a t e s b e t w e e n random m o l e c u l a r a r r a n g e m e n t and 

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

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

c r y s t a l s , c h a r a c t e r i s t i c x - r a y d i f f r a c t i o n p a t t e r n s h a v i n g b e e n o b -
'06) 

t a i n e d f o r s o l s of A S g O ^ A n , Ag , e t c . G e l s , r u b b e r , r e s i n s , e t c . , 

(») 

o c c a s i o n a l l y show d i f f r a c t i o n e f f e c t s wh ich C l a r k s u g g e s t s a r e i n d i c a ­

t i v e o f i n c i p i e n t c r y s t a l f o r m . Hence i t i s t o be e x p e c t e d t h a t t h e c o l ­

l o i d a l m i n e r a l s g e n e r a l l y w i l l b e c r y s t a l l i n e i n n a t u r e . V/ith v e r y 

few e x c e p t i o n s t h e n , mos t of t h e s o l i d s found i n m i n e r a l o g y and m e t a l ­

l u r g y a r e s u r e t o b e made o f c r y s t a l l i n e m a t e r i a l , aid m a t t e s , m e t a l s , 

o r e s , fume , d r o s s e s , s i n t e r s , r e f r a c t o r i e s , e t c . , a r e g e n e r a l l y c r y s t a l -
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l i n e end s h o u l d b e amenab le t o t h e m e t h o d s o f c r y s t a l a n a l y s i s * 

I n 1782 t h e o r i g i n a l p r i n c i p l e o f c r y s t a l l o g r a p h y was s t a t e d by 

Abbe Hauy t o b e t h a t * — ©very s i n g l e s u b s t a n c e , d e f i n i t e l y c h e m i c a l l y 

c o n s t i t u t e d , p o s s e s s e s I t s own c r y s t a l l i n e f o r m . ' ' Through t h e work 

o f many men t h e s c i e n c e o f c r y s t a l l o g r a p h y was d e v e l o p e d u n t i l i t b e ­

came em I n d i s p e n s a b l e t o o l I n t h e s t u d y o f m i n e r a l s * The s c i e n c e o f 

t h e e x t e r n a l g e o m e t r i c a l complexes o f c r y s t a l s had c o n c e i v e d o f some 

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

cy o f c r y s t a l fo rm* R e a s o n i n g f rom t h i s c o n c e p t i o n , t o g e t h e r w i t h t h e 

09) 

i d e a s a s t o t h e number o f a t o m s i n a u n i t volume of s u b s t a n c e , v* L a u e , 

i n 1 9 1 2 , p r e d i c t e d t h a t , i f x - r a y s w e r e s h o r t e l e c t r o m a g n e t i c waves 

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

a t o m s i n a c r y s t a l * F r i e d r i e h and K n l p p i n g p e r f o r m e d t h e e x p e r i ­

ment o f p a s s i n g a beam of x - r a y s t h r o u g h a c r y s t a l p l a c e d i n f r o n t o f 

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

t h e m a i n u n d e v i a t e d beam, a s e r i e s of d i f f r a c t ! M s p o t s * T h i s r e s u l t 

p r o v e d b o t h t h e n a t u r e o f x - r a y s a n d t h a t c r y s t a l s w e r e composed o f a 

r e g u l a r a r r a n g e m e n t o f a t o m s . Two enormous f i e l d s of i n v e s t i g a t i o n w e r e 

t h u s o p e n e d : t h e i n t i m a t e s t r u c t u r e o f c r y s t a l s , a n d x - r a y s p e c t r o s c o p y * 

I n t h e h a n d s o f t h e E n g l i s h m e n , W* H . end W. L . B r a g g , t h e f o r m e r r a p i d l y 

h o e n u s em e x a c t s c i e n c e * I t t h u s became p o s s i b l e t o d e t e r m i n e t h e e x a c t 

d i s t a n c e be tween t h e a t o m s a n d t h e i r r e l a t i v e p o s i t i o n s i n a c r y s t a l * 

I t i s n o t t h e p u r p o s e o f t h i s p a p e r t o di s e u s s t h e m e t h o d s o f c r y s ­

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

r e s u l t s , r e f e r e n c e s h o u l d b e made t o t h e v e r y r e a d a b l e book b y S i r «&* 
fa) 

B r a g g , - " I n t r o d u c t i o n t o C r y s t a l A n a l y s i s * 1 * F o r d e t a i l s o f t h e 
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(to Cm 

T a r i o u s m e t h o d s . W y e k o f f f s b o o k , and v a r i o u s o t h e r b o o k s and p a p e r s , 

s h o u l d b e c o n s u l t e d * 

H a u y ' a o r i g i n a l p r i n c i p l e s t i l l s t a n d s a s c o r r e c t . Each c h e m i c a l 

e n t i t y h a s i t s own p e c u l i a r c r y s t a l f o rm , o r b e t t e r , a r r a n g e m e n t of a t o m s . 

The c r y s t a l i o g r a p h e r s h a v e shown t h a t t h e r e a r e o n l y 38 p o s s i b l e symmetry 

o p e r a t i o n s , t h a t i s , a n y more t h a n t h i s r e s u l t s i n a r e p e t i t i o n . T h e s e 

32 o p e r a t i o n s r e p e a t e d on 1 4 p o s s i b l e s p a c e l a t t i c e s r e s u l t i n 230 p o s s i b l e 

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

a t o m s , w h i c h , a s a w h o l e , p o s s e s s e s c r y s t a l symmet ry , and i n w h i c h e a c h 

l i k e a tom i s s i t u a t e d i n e x a c t l y t h e seme way i n r e l a t i o n t o i t s s u r ­

r o u n d i n g s a s e v e r y o t h e r a tom of t h e same k i n d . An i n d e f i n i t e b u t u n i f o r m 

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

o r d i n a r i l y t h i n k o f i t . The s p a c e g roup a l w a y s c o n t a i n s some s m a l l w h o l e 

number of m o l e c u l e s , b u t s i n c e t h e y a r e i n d e f i n i t e l y r e p e a t e d , t h e t e r m 

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

c r y s t a l s t r u c t u r e . The 230 s p a c e g r o u p s h a v e b e e n deduced by a S o h o e n -
(*¥) (20 (20 (*/) 

f l i e s , F e d o r o v , B a r l o w , H i l t o n , and t h e t h e o r y h a s b e e n d i s c u s s e d by 
Otg) (*9) tec?) GO 

K r e u t z , S c h o e n f l i e s , i f i g g l i , and Wyckoff, ?/yckoff h a s d e v e l o p e d 

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

Gt) 
s u i t s a s c o o r d i n a t e s o f e q u i v a l e n t p o i n t s . A S t b u r y and Y a r d l e y h a v e 

On} 

p r e p a r e d d i a g r a m s o f a l l o f t h e g r o u p s . A knowledge o f s p a c e g r o u p s i s 

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

c h i e f a p p l i c a t i o n i n t h e a c t u a l d e t e r m i n a t i o n s f rom x - r a y d a t a . 

LATTICE TYPES 

The p h r a s e , " a r r a n g e m e n t o f a t o m s , • u s e d s o r e p e a t e d l y i n t h e p r e ­

c e d i n g d i s c u s s i o n mus t b e m o d i f i e d i n a c c o r d a n c e w i t h t h e f o l l o w i n g i d e a s : 
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C r y s t a l s may b e e i t h e r i o n i c , h o m o p o l a r , m o l e c u l a r , o r m e t a l l i c * 

I n t h e f i r s t t y p e , c h a r a c t e r i z e d by moat o f t h e i n o r g a n i c s a l t s , t h e 

p o s i t i v e a t o m h a s g i v e n up on© o f more e l e c t r o n s t o t h e n e g a t i v e a tom s o 

t h a t t h e r e r e s u l t s a p o s i t i v e i o n and a n e g a t i v e i o n * T h e s e i o n s a r e t h a n 

h e l d t o g e t h e r i n t h e c r y s t a l by e l e c t r o s t a t i c f o r c e s * H e n c e , w i t h c e r t a i n 

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

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

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

l a t e r p a r a g r a p h * 

Homopolar c r y s t a l s a r e t h o s e i n w h i c h t h e v a r i o u s v a l e n c e e l e c t r o n s 

of t h e c o n s t i t u e n t a toms a r e s h a r e d by b o t h p o s i t i v e and n e g a t i v e a t o m s * 

And t h e f o r c e s which h o l d t h e c r y s t a l t o g e t h e r a r e i n t h i s e a s e , s i m i l a r 

t o t h e f o r c e s b e t w e e n a toms i n a c h e i s i c a l m o l e c u l e . Homopolar c r y s t a l s 

a r e i n c l i n e d t o b e m e c h a n i c a l l y weake r t h a n t h e i o n i c * 

M o l e c u l a r l a t t i c e s a r e made up o f an a r r a n g e i a e n t of m o l e c u l e s i n a 

s p a c e l a t t i c e * The c r y s t a l b o n d s a r e t h e n s i m i l a r t o r e s i d u a l v a l e n c i e s , 

and t h e c r y s t a l s of t h i s c l a s s a r e u s u a l l y s o f t and p o s s e s s e d of low 

m e l t i n g p o i n t s * 

The m e t a l l i c l a t t i c e i o c o n c e i v e d a s a " n e g a t i v e f i e l d o f f r e e 
(ft) 

e l e c t r o n s i n w h i c h a r e imbedded t h e a t o m i c k e r n e l s . " Such a c o n c e p t ­

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

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

l i c s t a t e i n w i d e n h e i s I n c l i n e d t o s u b d i v i d e m e t a l l i c l a t t i c e s i n t o 

" m e t a l l i c i o n i c , m e t a l l i c h o m o p o l a r , " and t r u l y m e t a l l i c t y p e s * 

T h e r e a r e , o f c o u r s e , v a r i o u s i n t e r m e d i a t e c o n d i t i o n s b e t w e e n a n y o f 

t h e a b o v e l a t t i c e t y p e s . But i t c a n b e s e e n t h a t s u c h a d i v i s i o n a l l o w s 

many o f t h e p r o p e r t i e s o f t h e c r y s t a l t o b e e x p l a i n e d . The i o n i c 



H p 10 

l a t t i c e s 

a n y o f t 

m e t a l l i c t y p e s * 

c a p a b l e o f mach M V S a i i p l e i n t e r p r e t a t i o n 

I t i s 

r e f e r r i n g them t o 

a few o f t h e 

Of 

t o i d e n t i f y 

t y p e s , t h e t y p e s b e i n g name 

I s h e w s a few o f t h e m e t a l l i c 

h e t e r o p o l a r o r i o n i c 

t ^ p e a asm b e found i n ( 

o f t h e — l u i u i I n v e s t i g a t i o n s on 

i e t h e 

e r . t l y by 

w h i l e F i g u r e XI 

(it) 
m 

M s 

(37) 
m m 

The s t r u c t u r e o f a c r y s t a l i a 

r a t i o o f s i z e s , and t h e p r o p e r t i e s 

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

by t h e r a t i o o f , 

p o l a r i s a t i o n o f i t s b u i l d i n g 

v i s u a l i s e a t o m s { o r i o n s } < 

a r e p l o t t e d i n F i g u r e XIX 

d a t e o f G o l d s c h m i d t b r o u g h t t o t h i s l a b o r a t o r y b y 3 r * w% w . T a y l o r , 

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

r a d i i a r e p e r i o d i c f u n c t i o n s of t h e e l e m e n t s . A l s o , I t i a 

t h a t t h e e l s e o f t h e p o s i t i v e i o n s i s l a s s t h a n t h e a l a s o f t h e 

and t h a t t h e n e g a t i v e l o s s mstm c o n s i d e r f 

torn* T h i s i a t o b e e x p e c t e d when i t l a 

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

c r y s t a l s t r u c t u r e i s more p e r t i n e n t t o t h e p r e s e n t d i s c u s s i o n . 

I f we c o n s i d e r o n l y t r u l y i o n i c c r y s t a l s , we c a n , f o r t h e p r e s e n t , 

t h i n k o f them a s b e i n g composed o f r i g i d s p h e r i c a l i o n s i n c o n t a c t w i t h 

e a c h o t h e r * The s k e t c h e s t h e n i n F i g u r e s I and I I a r e n o t e x a c t l y c o r ­

r e c t . The b l a c k b a l l s r e p r e s e n t o n l y t h e c e n t e r s o f t h e a t o m s o r i o n s * 

T h e i r s h e l l s o r ' s p h e r e s o f i n f l u e n c e " c a n b e c o n s i d e r e d t o e x t e n d u n t i l 

t h e y a r e i n c o n t a c t w i t h e a c h o t h e r * Now, on t h i s b a s i s , a g e o m e t r i c a l 

a n a l o g y t o t h e s t r u c t u r e o f c r y s t a l s c a n b e s e t up w h i c h a p p r o a c h e s t h e 
fry) 

a c t u a l c o n d i t i o n s * I f we c o n f i n e o u r a t t e n t i o n s t o two d i m e n s i o n s , i t 

c a n b e s e e n t h a t c i r c l e s o f two d i f f e r e n t s i z e s c a n b e a r r a n g e d s o t h a t 

o n e c i r c l e o f r a d i u s X I s i n c o n t a c t w i t h a s many c i r c l e s o f r a d i u s B a s i s 

p o s s i b l e * ( See F i g u r e 1 7 ) Wi th a c e r t a i n r a t i o b e t w e e n t h e two s i z e s , 

t h r e e B . c i r c l e s c a n b e a r r a n g e d a r o u n d o n e X c i r c l e . T h i s r a t i o i s X:B 

g r e a t e r t h a n 0 . 1 3 . However , I f t h i s r a t i o e x c e e d s 0 . 3 3 , f o u r B* c i r c l e s 

c a n b e a r r a n g e d a r o u n d o n e X c i r c l e . C o n s i d e r a t i o n s o f t h i s s o r t e x t e n d e d 

t o t h r e e d i m e n s i o n s can b e a p p l i e d t o i o n i c c r y s t a l s . A s y s t e m a t i c r e l a ­

t i o n s h i p h a s t h u s b e e n f o u n d i n many c a s e s be tween s t r u c t u r e and r a d i i 

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

s t r u c t u r e s f o r compounds w h i c h h a v e n o t y e t b e e n d e t e r m i n e d , a t l e a s t i t 

g i v e s a h i n t t o w a r d t h e t y p e o f s t r u c t u r e t h e y may b e e x p e c t e d t o h a v e * And 

we come t o a n u n d e r s t a n d i n g o f i s o m o r p h i s m i n g o i n g f rom o n e compound t o 

a n o t h e r . F u r t h e r m o r e , I t i s r e a d i l y p e r c e i v e d t h a t some few a toms w i t h i n 

some c r y s t a l may b e v e r y e a s i l y r e p l a c e d by o t h e r a toms o f t h e same s i z e 

w i t h o u t a l t e r i n g t h e s t r u c t u r e o t h e r t h a n by s t r e t c h i n g o r c o n t r a c t i n g t h e 

d i s t a n c e b e t w e e n c e n t e r s i n e a s e t h e a toms o r i o n s a r e n o t e x a c t l y t h e s a n e 

s i z e . Such i s wha t h a p p e n s i n t h e c a s e of s o l i d s o l u t i o n s . F o r a n e x t e n d e d 
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t r e a t m e n t o f t h i s v e r y f r u i t f u l p h a s e of t h e s t u d y of c r y s t a l s , r e f e r e n c e 
C*3) (39) 

s h o u l d b e made t o t h e work o f Go ldsohmid t and o t h e r s * 

T h i s h a s t y p r e s e n t a t i o n h a s b e e n g i v e n o n l y t o show a m o s t g e n e r a l 

i d e a o f t h e p o s s i b i l i t i e s of s u c h a s c i e n c e , a s b u t a s l i g h t amount o f 

t h o u g h t w i l l e n a b l e one t o s e e many a p p l i c a t i o n s i n t h e r e a l m of m i n e r a l s * 

p a r t i c u l a r l y w i t h r e g a r d t o i m p u r i t i e s and a s s o c i a t i o n . T h u s , c a n n o t i t 

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

m i n e r a l s a r e n o t e x a c t c h e m i c a l e n t i t i e s ? The l i t e r a t u r e shows two and 

s o m e t i m e s more d i f f e r e n t f o r m u l a e f o r b o m i t e . C r y s t a l s t r u c t u r e a n a l y s e s 

o f two s a m p l e s , o n e w i t h t h e c o m p o s i t i o n CugFeS 4 and t h e o t h e r 

^u^Fe^g , showed e x a c t l y t h e seme t y p e of s t r u c t u r e w i t h b u t a s l i g h t 

d e c r e a s e i n t h e edge o f t h e u n i t c e l l i n t h e c a s e of t h e f o r m e r . R e f e r ­

e n c e t o t h e c u r v e s of r a d i i w i l l show t h a t d i v a l e n t Cu and d i v a l e n t i r o n 

h a v e v e r y n e a r l y t h e same i o n i c s i z e s . I t would seem t h a t a r a t h e r w i d e 

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

C h a l c o p y r i t e l i k e w i s e a p p e a r s i n s e v e r a l d i f f e r e n t c o l o r s . T h i s may h a v e 

a s i m i l a r e x p l a n a t i o n . I f t h i s i d e a o f s o l i d s o l u t i o n i a t r u e , we m i g h t 

e x p e c t v a r i a t i o n s i n t h e p r o p e r t i e s and h e n c e m e t a l l u r g i c a l b e h a v i o r i n 

m i n e r a l s f rom d i f f e r e n t l o c a l i t i e s . F u r t h e r , w h i t e n e y i t e h a s b e e n shown 

(¥/) 

t o b e a m i x t u r e o f a s o l i d s o l u t i o n o f Cu and As and a l g o d o n i t e . 

Thus t h e f o r m u l a CugAs i s p r a c t i c a l l y m e a n i n g l e s s . 

I n a r e c e n t p a p e r , Head , C rawfo rd , and T h a c k w e l l h a v e shown t h e 

c a s e o f a n o r e c o n t a i n i n g 7 . 5 $ manganese wh ich h a d r e s i s t e d a l l a t t e m p t s 

a t e c o n o m i c a l c o n c e n t r a t i o n . C a r e f u l m i c r o s c o p i c e x a m i n a t i o n r e v e a l e d 

no manganese m i n e r a l s e x c e p t t r a c e s o f manganese o x i d e m i n e r a l s . R e a s o n ­

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

men d e c i d e d t h a t t h e manganese was c o n t a i n e d i n s i d e r i t e , t h e p r e d o m i n a t i n g 
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m i n e r a l I n t h e o r e . S e l e c t i o n o f s i d e r i t e g r a i n s u n d e r t h e m i c r o s c o p e 

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

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

( F i g . H I ) w i l l show t h e c l o s e s i m i l a r i t y b e t w e e n t h e s i z e s o f t h e d i ­

v a l e n t i r o n a tom and t h e d i v a l e n t manganese a t o m . I t i s r e a d i l y c o n ­

c e i v a b l e how a c e r t a i n amount o f manganese c o u l d r e p l a c e i r o n a toms i n 

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

D o u b t l e s s N a t u r e I s r e p l e t e w i t h s i m i l a r o b s c u r i t i e s , and x - r a y r e s u l t s , 

c o u p l e d w i t h t h e m i c r o s c o p e and o t h e r t o o l s , a r e a l r e a d y on t h e r o a d t o w a r d 

a n e x p l a n a t i o n of t h e s e o c c u r e n c e s . 

CRYSTAL jMpmmnitm 

The p i c t u r e o f a c r y s t a l we h a v e o b t a i n e d from x - r a y d a t a i s o n e i n ­

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

t h e l a r g e c r y s t a l . And now s c i e n c e , who s e e r s a t t i m e s t o b e somewhat 

o f a p r a c t i c a l j o k e r , In fo rms u s t h a t i f a c r y s t a l we re a s we h a v e p i c ­

t u r e d i t , we would n o t b e a b l e t o know a n y t h i n g a b o u t i t s s t r u c t u r e f rom 

x - r a y e f f e c t s . T h e o r e t i c a l c o n s i d e r a t i o n s , s u b s t a n t i a t e d by e x p e r i m e n t , 

h a v e shown t h a t d i f f r a c t i o n phenomena would b e d i f f i c u l t t o o b t a i n i f t h e 

a l i g n m e n t o f a toms we re g e o m e t r i c a l l y p e r f e c t . Bragg h a s shewn t h a t a 

f r e s h l y e l e a v a d r o c k s a l t s u r f a c e g i v e s a g r e a t d e a l l e s s x - r a y r e f l e e t -

I o n t h a n one w h i c h h a s b e e n g r o u n d , t h a t i s , s u b j e c t e d t o d i s t o r t i o n . 

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

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

t y . A l l known c r y s t a l s t h u s f a l l i n t o t h e i m p e r f e c t c l a s s . 

Hence we f i n d a new p i c t u r e f o r a c r y s t a l . The c o m p l e t e c r y s t a l i s 

b e l i e v e d t o b e b u i l t f rom s m a l l b l o c k s , e a c h o f which p o s s e s s e s i n i t s e l f 

t h e e x a c t s t r u c t u r e a s r e v e a l e d b y t h e x - r a y m e t h o d s , b u t e a c h b l o c k 
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( assumed t o b e o f t h e o r d e r o f 1 m i c r o n i n s i z e } i s s e p a r a t e d f rom i t s 

n e i g h b o r s by a s m a l l s p a c e * Ewald and Sfeekal i n Germany, and 3 i r i cky , 

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

a m o s a i c c r y s t a l s t r u c t u r e . Zwieky g i v e s the rmodynamic r e a s o n s f o r a 

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

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

c l e a v a g e f a c e s and e t c h f i g u r e s on s i n g l e c r y s t a l s o f B i smuth and came t o 

t h e c o n c l u s i o n t h a t t h e c r y s t a l s w e r e b u i l t o f " b l o c k s o f a d e f i n i t e s i z e . 

wh ich s i z e i s i n d e p e n d e n t o f t h e p e r f e c t i o n o f t h e c r y s t a l , s o l o n g a s 
fa) 

t h e c r y s t a l i s n o t p l a s t i c a l l y deformed** J o f f e a t t r i b u t e s a l l 

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

I r r e g u l a r i t i e s of s t r u c t u r e o f h e t e r o g e n e o u s b o d i e s * Smekal i s p r o ­

b a b l y t h e mos t e n t h u s i a s t i c w o r k e r on c r y s t a l L ^ > e r f a c t i o n s . He h a s 

shown t h e r e l a t i o n be tween many p h y s i c a l and c h e m i c a l p r o p e r t i e s of c r y s ­

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

d e p e n d e n t e n t i r e l y on t h e l a t t i c e s and t o s e d e p e n d e n t upon t h e s p a c e s 

b e t w e e n t h e u n i t b l o c k s * 

T h e r e i s n o t a t p r e s e n t v e r y much e x p e r i m e n t a l e v i d e n c e a s t o t h e 

e x i s t e n c e o f t h e u n i t b l o c k s * T e n s i l e s t r e n g t h c a l c u l a t e d f rom t h e f o r ­

c e s b e t w e e n a toms i n a c r y s t a l b y t h e method o f 3 o m a r e a l w a y s many 
(¥9) 

t i m e s g r e a t e r t h a n o b t a i n e d by e x p e r i m e n t * T r a u b e and c o - w o r k e r s h a v e 

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

i n t o a l a r g e number o f p a r t i c l e s o f c o l l o i d a l d i m e n s i o n s w h i c h a r e i d e n t i -
(fo) 

f l e d w i t h t h e u n i t b l o c k s o f S m e k a l . Wood h a s o b s e r v e d Bragg r e ­

f l e c t i o n s o f v i s i b l e l i g h t f rom KCLOg c r y s t a l s w h i c h i n d i c a t e s t h e e x i s ­

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

c r y s t a l s c a l c u l a t e d from x - r a y d a t a i s g e n e r a l l y h i g h e r t h a n t h e d e n s i t y 

d e t e r m i n e d by t h e u s u a l m e t h o d s , w h i c h s i g n i f i e s t h a t t h e r e m u s t b e some 
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f r e e s p a c e s w i t h i n t h e c r y s t a l s * Dean h a s shown t h a t t h e amount o f h y ­

d r o g e n s u l f i d e a d s o r b e d on 80 mesh g a l e n a can b e a c c o u n t e d f o r by a s s u m i n g 

a a o n o m o l e e u l a r l a y e r t o b e a d s o r b e d on u n i t b l o c k s c o n t a i n i n g i x l C T 1 2 

m o l e c u l e s p e r b l o c k * 

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

a d i s c o n t i n u o u s s t r u c t u r e . Thus i t m i g h t b e e x p e c t e d t h a t t h e " r o r k o f 

c r u s h i n g a m i n e r a l t o a g i v e n s i z e w i l l depend on t h e s i z e o f t h e u n i t 

b l o c k s i n i t . " L e a c h i n g r e a c t i o n s w i l l depend upon t h e s i z e o f t h e u n i t 

b l o c k s * o r b e t t e r , upon t h e amount s u r f a c e exposed t o t h e a c t i o n of t h e 

s o l v e n t wh ich w i l l I n t u r n b e a f u n c t i o n o f t h e s i z e o f t h e b l o c k s * F l o ­

t a t i o n phenomena w i l l b e i n f l u e n c e d by t h e f a c t t h a t t h e i n t e r s t i t i a l 

f a c e s a r e p r o b a b l y a l r e a d y c o v e r e d by a f i l m o f a d s o r b e d g a s b e f o r e a n y 

t r e a t m e n t w h a t e v e r i s g i v e n t h e m i n e r a l i n t h e m i l l . Dean f u r t h e r p o i n t s 

o u t t h a t t h e i n d e p e n d e n c e of t h e r a t e of l e a c h i n g o f c h a l c o c i t e on t h e 

p a r t i c l e s may b e e x p l a i n e d by t h e c o n c e p t i o n of u n i t b l o c k s . T h a t i s , 

t h e s o l u t i o n can p o s s i b l y p e n e t r a t e i n t o t h e l a r g e lumps b y means o f t h e 

s p a c e s b e t w e e n t h e b l o c k s w i t h t h e r e s u l t t h a t t h e a c t a a l s u r f a c e o f c o n ­

t a c t b e t w e e n s o l i d and s o l v e n t i s t h e same f o r c o a r s e m a t e r i a l a s f o r f i n e * 



CRISTAL STRUCTPRS ATP KIKiBALeOT 

( 2 ) 

T h e r e i s no c o m p l e t e l i s t i n g , i n I & g l i s h , o f t h e c r y s t a l s t r u c t u r e s 
(ff) 

a l r e a d y known, &wald and Hermann h a v e p u b l i s h e d a c o m p r e h e n s i v e 

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

l i s t s a b o u t t h r e e o r f o u r h u n d r e d i n o r g a n i c compounds i n t h e " I n t e r n a t i o n ­

a l C r i t i c a l T a b l e s . n l y o k o f f a l s o h a s a r a t h e r c o m p l e t e b i b l i o g r a p h y 

on c r y s t a l s t r u c t u r e s t u d i e s f o r t h e y e a r s up t o and i n c l u d i n g 1 9 2 3 i n 

h i s b o o k , "The s t r u c t u r e o f C r y s t a l s . M o r s e r e c e n t l y p u b l i s h e d a 

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

K e r r h a s d e s c r i b e d equ ipmen t and m e t h o d s of u s i n g x - r a y s a s a t o o l 

i n d e t e r m i n a t i v e m i n e r a l o g y , iu&ch m i n e r a l , i f i t i s a d e f i n i t e c h e m i c a l 

e n t i t y , p r o d u c e s i t s own p e c u l i a r x - r a y p a t t e r n . K e r r s u g g e s t e d t h a t 

s t a n d a r d f i l m n c o u l d b e p r e p a r e d from p u r e known m a t e r i a l s . Unknown 

s a m p l e s c o u l d t h u s be p h o t o g r a p h e d u n d e r t h e same c o n d i t i o n s and t h e i r 
(n) 

p a t t e r n s compared w i t h t h e s t a n d a r d s . H u l l , whose method K e r r was u s i n g , 

s a y s t h a t a c r y s t a l p r e s e n t i n p r o p o r t i o n s u n d e r 10'% i n a m i x t u r e of 

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

t e r n o f t h e p r e p o n d e r a t i n g c r y s t a l . Thus s m a l l amounts of a some o n e 

m i n e r a l c a n n o t b e d e f i n i t e l y l o c a t e d i n m i x t u r e s by t h e x - r a y m e t h o d . 

Even i f o v e r 1 0 $ , of v a r i o u s m i n e r a l s a r e p r e s e n t i n a m i x t u r e , t h e 

x - r a y e x a m i n a t i o n u s u a l l y g i v e s o n l y q u a l i t a t i v e d a t a . However , x - r a y s 

s h o u l d p r o v e o f adv&ntage i n i d e n t i f y i n g v e r y f i n e l y d i s p e r s e d m i n e r a l s 

which a r e t o o s m a l l o r t o o s t u b b o r n t o b e i n f l u e n c e d by m i c r o s c o p i c e t c h 
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o r s t a i n r e a g e n t s . Thus R . E . H e a d , a t t h e s e l a b o r a t o r e s , h a s come upon 

some l e a c h e d c h a l c o c i t e g r a i n s wh ich show a r a t h e r l a r g e amount of some 

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

power of t h e m i c r o s c o p e and c o n s e q u e n t l y n o t a b l e t o b e i d e n t i f i e d by t h e 

u s u a l m e t h o d s . X - r a y a n a l y s i s of t h e s e g r a i n s s h o u l d show a t o n c e i f 

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

t e r m i n a t i o n . I t i s i n s u c h work t h a t t h e x - r a y s t u d y of c r y s t a l s s h o u l d 

p r o v e t o b e a n a i d t o t h e m i c r o s c o p e . 

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

t h e v a r i o u s i n d i v i d u a l m i n e r a l s i n a "Group** h a s b e e n shown i n a p r e c e ­

d i n g p a r a g r a p h , ( See p a g e SZ\ i n wh ich p o s s i b i l i t i e s o f s o l i d s o l u ­

t i o n s were d i s c u s s e d . The o c c u r e n c e o f s o l i d s o l u t i o n s i n m i n e r a l s i s 

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

s o l u t i o n s e x i s t s b e t w e e n a l b i t e and a n o r t h i t e . H e r e one sodium and one 

s i l i c o n i n e q u i v a l e n t amounts r e p l a c e one c a l c i u m and one a luminum, w i t h 

no c h a n g e i n t h e t y p e o f s t r u c t u r e . K r l e g e r h a s s t u d i e d t h e s e r i e s 

c a l c i t e , r h o d o c h r o s i t e , on t h i s b a s i s . The t e n n a n i t e - t e t r a h e d r i t e 

r e l a t i o n s a r e u n d o u b t e d l y e x p l a i n a b l e on t h e same b a s i s . Molybdenum i s 

found t o r e p l a c e some o f t h e t u n g s t e n i n s c h e e l i t e . The r a d i i o f Mo a n d W 

i o n s a r e p r a c t i c a l l y t h e s a m e . Ca i s known t o b e p r e s e n t i n W u l f e n i t e , 

more t h a n l i k e l y , a c c o r d i n g t o t h e i o n i c r a d i i , t a k i n g t h e p l a c e of some Pb 

i o n s . T e a l l i t e , P r a n c k e i t e , and c y l i n d r i t e a r e i n t h e same c a t e g o r y . 

T h e r e i s no n e c e s s i t y o f l i s t i n g a l l o f t h e p o s s i b i l i t i e s . The d i r e c t 

m e t a l l u r g i c a l s i g n i f i c a n c e of s u c h phenomena i s t h a t c r y s t a l s t r u c t u r e 

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

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

u e n t s of an o r e . T h a t i s , c h e m i c a l a n a l y s i s w i l l show t h a t c e r t a i n m e t a l s 

a r e p r e s e n t . And knowledge o f t h e s t r u c t u r e i n wh ich t h e m e t a l 
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i s c o n f i n e d w i l l d e t e r m i n e i f p h y s i c a l o r c h e m i c a l means o f s e p a r a t i o n 

a r e n e c e s s a r y . 

I n t h e f l o t a t i o n o f m i n e r a l s we f i n d a g r e a t w e a l t h o f c o n f l i c t i n g 

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

m i n e r a l s i n t h e l a s t t w e n t y y e a r s , t h e r e i s y e t no s a t i s f a c t o r y e x p l a n a ­

t i o n of t h e g e n e r a l phenomena and e a c h mine and m i l l h a s i t s own i n d i v i ­

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

c a t e t h e g e n e r a l mode of p r o c e d u r e a t a n o t h e r m i l l . T h a t t h e c r y s t a l 

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

t a t i o n c a n n o t , i t i s b e l i e v e d , b e d i s p r o v e d . But a s t o wha t p a r t t h e y 

p l a y , t h e r e i s , a t p r e s e n t , no i n f o r m a t i o n a v a i l a b l e . 

T h a t phenomenon o r g r o u p o f phenomena wh ich a r e c l a s s i f i e d u n d e r 

t h e name o f a d s o r p t i o n , p l a y a s i s w e l l known, an e x c e e d i n g l y i m p o r t a n t 

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

h a v e c o n s i d e r a b l e i n f l u e n c e on a t l e a s t some t y p e s of a d s o r p t i o n a s was 

shown b y L a n g m u i r . P o l a n y i h a s c o n s i d e r e d a d s o r p t i o n f rom a s i m i l a r 
(to) fly 

s t a n d p o i n t . Mukherj&e and F a j a n s have s t u d i e d t h e d o u b l e l a y e r a t 

t h e b o u n d a r y o f c r y s t a l l i n e m a t e r i a l s . F r u y t and Van d e r 
(St) 

W i l l i g e n found t h a t s i l v e r i o n l d e s o l s wa re s t a b i l i z e d o n l y b y s a l t s 

w i c h were i s o n o r p h o u s w i t h Ag I . T h e i r e x p e r i m e n t s i n c l u d e d t h e p r e ­

p a r a t i o n o f t h e s o l i n t h e p r e s e n c e of oach o f t h e f o l l o w i n g s a l t s : 

K I , KBr, KCL, KCNt ICC2-33, f ^ » t « ) ^ Ym^ , K g S 0 4 , K^CC^ , K^HPC^ , 

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

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

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

T h a t i s , t h o s e i o n s a r e a d s o r b e d which t e n d t o fo rm i somorphous s a l t s w i t h 

t h e a d s o r b e n t . However , F r e u n d l i c h p o i n t s o u t t h a t t h i s r u l e , wh ich h a d 



r a g * k& 

b e e n f o x w u l a t e d b e f o r e by * n r c , doea n o t " r e l a t e t o t r u l y ieomorpl iens e u n -

s t a n c e s b u t t o •hoesolomorahous * fern* S&eee h a r e v e r y s i m i l a r c r y s t a l l i n e 

forms and h e n c e c a n c r y s t a l l i s e t o g e t h e r i n p a r a l l e l o v e r g r o w t h s , w h i l e 

t h e y c a n s c a r c e l y form s o l i d s o l u t i o n s w i t h o n e a n o t h e r , a n d d o n o t m u t u a l l y 

a c t a s n u c l e i i n c a s e s of s u p e r s a t o r a t i o n * - However, i n g e n e r a l t h e l i t e r a ­

t u r e on t h e r e l a t i o n s b e t w e e n c r y s t a l s t r u c t u r e a n d a d s o r p t i o n phenomena 

l a most s c a r c e * i t i s t h i s t y p e o f knowledge which s h o u l d b e had t o 

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

r e u n i t e by t a b u l a t i n g t h e infUMHMM o f v a r i o u s I o n s on c e r t a i n m i n e r a l s 

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

t h e d a t a b e i n g t a k e n from t h e l i t e r a t u r e . No s i g i i f l e a n t d e p e n a e n * M e c u I d 

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

f l o t a t i o n t e s t s h a v e b e e n made w i t h a v i ew t o w a r d d e t e r m i n i n g t h e e f f e c t o f 

r e a g e n t s r a t h e r t h a n o f t h e m i n e r a l s t h e m s e l v e s * 

Met a l o n e do l a t t i c e p r o p e r t i e s acme i n t o p l a y i n a d s o r p t i o n phenomena . 

I f c r y s t a l s a r e b u i l t o f u n i t b l o c k s , t h e b l o c k s a r e p r o b a b l y p o s s e s s e d e f 

a c o a t i n g o f a d s o r b e d m a t e r i a l which s t i ^ h t I n f l u e n c e even more s t r o n g l y t h a n 

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

t a t i o n r e a g e n t s . I t i s ^ e l l known t h a t c r y s t a l s f o r c i n g i n t h e p r e s e n c e o f 

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

I n f a c t t h i s t endency i s so p ronounced i n some c a g e s a s t o p r e v e n t c e r t a i n 

f a c e s f rom g r o w i n g , t h u s a sua 11 amount o f u r e a i n %G1 s o l u t i o n s w i l l 

c a u s e t h e s a l t t o c r y s t a l l i s e i n t h e form of o c t a h e d r a r a t h e r t h a n t h e n o r ­

mal c u b e s . I n t h e p r e s e n c e o f d i a m i n e sky b l u e , p o t a s s i u m a lum c r y s t a l -
(tf) 

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

i s i somer phous o r h o a o l o a o r a a a m a w i t h t h e c r y s t a l l i s i n g s u b e t a n e e a n d h e n c e 

a l t e r n a t e l a y e r a o f c r y s t a l end a d s o r b e d s u b s t a n c e e a n b e formed* 
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I t I s i n t h i s manner t h a t we m i g h t e x p e c t m i n e r a l s t o form from magma-
n 

t i c w a t e r s ; c r y s t a l l i z i n g n o t a s a p e r f e c t e o n t i u u m h u t a s a s e r i e s o f 

b l o c k s s e p a r a t e d by t h i n l a y e r s o f a d s o r b e d m a t e r i a l . And t h i s a d s o r b e d 

m a t e r i a l m i g h t b e e i t h e r a n o t h e r m i n e r a l o r some g a s . d e p e n d i n g u p o n con­

d i t i o n s . I f t h i s s u b s t a n c e wh ich i s a d s o r b e d i s t a k e n i n t o t h e l a t t i c e 

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

t h e i r c o a t i n g s , we would e x p e c t t o f i n d a c h a n g e o f t h e l a t t i c e c o n s t a n t s 

a s shown by x - r a y a n a l y s i s . F o o t © , B l a k e , and F r a n c e s t u d i e d t h e i n ­

f l u e n c e o f d i a m i n e s k y b l u e on t h e l a t t i c e c o n s t a n t s of p o t a s s i u m alum 

and found no c h a n g e due t o t h e a b s o r b e d d y e . T h i s l e d them t o f e e l 

j u s t i f i e d ( w i t h r e s e r r a t i o n s a s t o t h e outcome o f f u t u r e e x p e r i m e n t a l i n 

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

ment o f t h e i o n s i n t h e u n i t c e l l . 

G a l e n a i s known t o c o n t a i n c o n s i d e r a b l e q u a n t i t i e s o f S L S . I t s 
^ (60 

o d o r can f r e q u e n t l y b e d e t e c t e d upon f r e s h l y b r o k e n s p e c i m e n s . Yerde 

i n s t u d y i n g PbS c o n t a c t d e t e c t o r s f ound t h a t a l a r g e q u a n t i t y o f h y d r o g e n 

s u l p h i d e was g i v e n o f f by a r t i f i c i a l g a l e n a when u n d e r a vacumni and h e a t e d 

t o 500° G. On t h e b a s i s o f t h e a s s u m p t i o n of u n i t b l o c k s , t h i s g a s migh t 

b e e x p e c t e d t o b e c o n t a i n e d on t h e i r s u r f a c e s , "ffork i s now b e i n g done 

b y G r o s s and S t . G l a i r on t h e a d s o r p t i o n o f t h i s g a s on n a t u r a l g a l e n a 

a t t h e U tah E n g i n e e r i n g E x p e r i m e n t S t a t i o n i n c o o p e r a t i o n w i t h t h e U» S . 

Bureau o f M i n e s . One p h a s e o f t h e p r o b l e m w i l l b e t o d e t e r m i n e i f t h e 

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

same* I f s o , a s i n t h e c a s e of t h e p o t a s s i u m a l u m , i t c an p e r h a p s b e 

assumed t h a t t h e g a s i s p r e s e n t i n t h e i n t e r s t i c e s b e t w e e n t h e u n i t 

b l o c k s * H e n c e , a s p o i n t e d o u t b y Dean , t h e amount o f g a s t a k e n up b y 

a g i v e n sample s h o u l d s e r v e a s a m e a s u r e o f t h e s i z e o f t h e u n i t b l o c k s . 



It im d o u b t f u l i f x - r a y me thod* w i l l p ^ m i t o f a n y o t u d y o f t h e a c t u a l 
(67) 

s u r f a c e l a y e r s o f m i n e r a l samp l e e * C l a r k f r o ^ s s B i end Kaufmans* h a v e 

9mm a b l e t o s t u d y a l l o y s u r f a c e s b y r e f l e c t i n f x - r a y a from them a t v e r y 

s n a i l e n g l e a o f i n c i d e n c e . Ba t I n M f c s u b s t a n c e s , t h e s u r f a c e a f f e c t s 

l o o k e d f o r a r e many a t o m i c l a y e r s d e e p * M i n e r a l s u r f a c e s c a n n o t b e e x -

pa t - t ad t o h a r e much mora t h a n a m o n a m o l c c u l a r f i l m and a n y d i f f r a c t i o n 

a f f e c t s from t h i s f i l m m i g h t w e l l b e overshadowed by t h e a f f e c t s f rom t h e 

main p a r t o f t h e c r y s t a l * o n e t o o l wh ich s a y p r o v e o f some s e r v i c e i n 
(&) 

auch work i s t h e e l e c t r o n beam* Hupp i n Germany» find u e v i s s o n , and 

<%m*mT i r t h i s c o u n t r y h a v e o b t a i n e d d i f f r a c t i o n phenomena b y a beam 

o f e l e c t r o n s r o f l o o t e d fin s * t a l M U M H I M M N and Oermer g ive ; 

e v i d e n c e , f ro© t h i s m e t h o d , o f a r e g u l a r a r r a n g e m e n t o f cxygon a t o m s a d ­

s o r b e d i^em c l e a n n i c k e l s u r f a c e s * 

Adsorbed s u b s t a n t i a p o a a t n l y h a v e some i n f l u e n c a on t h e s o l u b i l i t y o f 
t h e a d s o r b e n t * - an e f f e c t w h i c h wou ld p l a y a p a r t i n t h e l e a c h i n g o f a r e a * 

(7o) 

fmmm remarfca M two o r t h r e e l a y e r s o f m i c a m o l e c u l e s a r e r e n d e r e d 

a ^ e r a o l u b l e b y c l e a v a g e . T h i s » a y ©a a t t r i b u t e d t o t h e f a c t t h a t t h e 

- lo leewlea on a f r a a h c l e a v a g e s u r f a c e may mot h a v e t i n e t o a d j u s t t h e m -

s€»ivas t o a c o n d i t i o n o f a t s S a n i e n e r g y b e f o r e s o l u t i o n t a k e n p l a c e . 

However , s u c h a d j u s t m e n t m i g h t c o n s i s t i n t h e a d a o r b t i o n o f i o n s o f t h e 

s o l v e n t u n t i l a l l bonds a r exeessL l a t t i c e - f o r c e s a t t h e a u r f a e e o f t h e 

s o l i d e r a s a t i s f i e d * l a g e n e r a l « am a g g r e g a t e o f u n i t b l o c k s w i t h a d ­

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

t e r i s t l c a a s t h e s e a * m a t e r i a l w i t h o u t t h e c o a t i n g s * B u t , any h i n d r n a e * 

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

b y t h e i n c r e a s e i n t h e r a t a o f s o l u t i o n t o ba e x p e c t e d f r o ® tea o n o r m o a a l y 

i n c r e a s e d s u r f a c e d u e t o t h e b l e c H * . 

f h a a c t u a l l a t t i c e s t r u c t u r e o f a m i n e r a l u n q u e s t i o n a b l y b a a soma 
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b e a r i n g on i t s b e h a v i o r i n l e a c h i n g o p e r a t i o n s , DeJong h a a worked o a t 

t h e s t r u c t u r e o f b o m i t e and found i t t o c o n t a i n 32 c u p r o u s and 8 c u p r i c 

i o n s i n t h e u n i t c e l l . S u r e l y t h e s e two k i n d s of i o n s w i l l n o t go i n t o 

s o l u t i o n w i t ! t h e s a n e e a s e . C o v e l l i t e , c r y s t a l l i z i n g i n t h e h e x a g o n a l 
Known (72) 

s y s t e m , i s ^ t o c o n t a i n s i x §gf i n t h e u n i t c e l l . "Davey s t a t e s — • — 2 

o f t h e 6 Cu •a toms* o c c u p y i s o l a t e d p o s i t i o n s i n t h e l a t t i c e . Such s t r u c ­

t u r e i n v i t e s s p e c u l a t i o n a s t o t h e i o n i c s t a t e of Cu and S . , f o r i n s t a n c e : 

Are t h o two i s o l a t e d Cu r e a l l y n e u t r a l a toms and n o t i o n s ; mus t 4 o f t h e 

6 s u l f u r 3 c a r r y o n l y § of t h e normal n e g a t i v e c h a r g e i n o r d e r t o keep t he 

c r y s t a l a s a whole neu t ra l ?** S u l l i v a n h a s shown t h a t ^ h a n c h a l c o c i t e 

d i s s o l v e s , one h a l f of t h e Cu i s r a p i d l y l i b e r a t e d , no f r e e s u l p h u r b e i n g 

r e l e a s e d , b u t t h n t t 1 o On:3 r a t i o d o e s n o t t h e n s t a y a t 1 :1 and t h e r e ­

m i n d e r d i s s o l v e a s CuS. The a c t u a l h a p p e n i n g i s t h a t more Ou I s l i b e r ­

a t e d a l o n e u n t i l t h e r a t i o Cu:S i s l e s s t h a n 1 :1 r e a c h i n g t h e v a l u e o f 

0 . 3 1 : 1 a t t i m e s . I f t h e r e i s any b a s i s t o D a v e y ' s " i n v i t a t i o n t o s p e c u ­

l a t i o n " i t s; f i n d some b a c k i n g i n t h i s e f f e c t n o t e d by S u l l i v a n . 

T h a t i s , p e r h a p s some of t h e Cu a toms a r e d i f f e r e n t t h a n t h e o t h e r s i n 

CuS; t h e two " i s o l a t e d " c o p i e r s d i s s o l v i n g more r e a d i l y and i n d e p e n d e n t l y 

o f t h e s u l f u r s . 

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

s t r u c t u r e . Hot much more t h a n t h i s c a n b e s a i d a t t h e p r e s e n t t i m e i n 

r e l a t i o n t o t h e e f f e c t of c r y s t a l s t r u c t u r e on g r i n d i n g . G r i n d i n g may 

(7¥) 

c a u s e a l l o t r o p i c c h a n g e s i n a m i n e r a l , h o w e v e r . 3 c h l e c d e and Oantzekow 

found t h a t w u r t z i t e was c o n v e r t e d i n t o z i n c b l e n d e by t h e mere a c t o f 

p u l v e r i s i n g . 
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CRYSTAL STRUCTURE AND INTSmffiDIATI 
: T \7 LTT̂ C-TCAL P R O T E C T S 

(3) 

I n i n t e r m e d i a t e m e t a l l u r g i c a l p r o d u c t s we c o s e upon p h y a i e a l -

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

d r o s s e s , a p e i s s a r e a l l composed of many components and t h e p h a s e s p r e ­

s e n t r a n g e from m a t e r i a l i n t h e m e t a l l i c s t a t e , t h r o u g h i n t e r m e t a l l i e 

compounds , t o n o a m e t a l l i c e l e m e n t s and compounds , d i s t i n c t o r i n s o l i d 

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

w i l l p r o b a b l y r e q u i r e t h e w o r k i n g o u t of a l l t h e p o s s i b l e b i n a r y s y s ­

t e m s , t h e n t h e t e r n a r y , q u a t e r n a r y , and so o n , i n d e e d a H e r c u l e a n t a s k . 

X - r a y c r y s t a l a n a l y s i s would s e r v e t o d i s t i n g u i s h each p h a s e i n t h e 

s o l i d s . The s t r u c t u r e s of a g r e a t many of t h e i n d i v i d u a l s u b s t a n c e s 

l i k e l y t o b e p r e s e n t a r e a l r e a d y known a s can be s e e n by r e f e r e n c e t o a n y 

of t h e s t r u c t u r e d a t a c o m p i l a t i o n s p r e v i o u s l y m e n t i o n e d ( See p a g e / / ) • 

And f rom t h e l a w s of c r y s t a l c h e m i s t r y and o t h e r p h y s i c a l c h e m i c a l d a t a 

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

g i c a l i n v e s t i g a t i o n i s t r u l y enormous and i t i s n o t s u r p r i s i n g t h a t i t 

h a s n o t b e e n t o u c h e d . 

The e n t i r e p r e c e d i n g d i s c u s s i o n h a s b e e n g i v e n i n an a t t e m p t t o show 

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

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

number of c r y s t a l l i n e s o l i d s a r e a l r e a d y known and t a b u l a t e d , v e r y l i t t l e 

h a s b e e n done I n t h e i n t e r p r e t a t i o n o f s u c h d a t a from t h e s t a n d p o i n t o f 

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

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

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

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

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

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

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

t h e n , I t i s a m a t t e r o f p r i m a r y i m p o r t a n c e t o know j u s t w h a t t h e n a t u r e 

of t h e s o l i d s c a n b e , wha t f o r c e s h o l d t h e m t o g e t h e r , what f o r c e s mus t 

b e overcome t o t a k e t h e m a p a r t , and what f o r c e s d o t h e y e x e r t o n t h e i r 

s u r r o u n d i n g s * 

I t i s o b v i o u s t h a t t h e f i e l d i s r e l a t i v e l y new* Hence i t h a s b e e n 

p o s s i b l e o n l y t o draw i n f e r e n c e s and s u g g e s t i o n s f rom work done on o t h e r 

p r o d u c t s w i t h no c o n n e c t i o n t o m e t a l l u r g y and t o a t t e m p t t o show how 

s i m i l a r work , c a r r i e d o u t on m a t e r i a l s o f m e t a l l u r g i c a l I m p o r t a n c e , 

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

knowledge* 

EXPKRIMOTAL WORK 

The p r e s e n t work h a s been done I n r e l a t i o n t o t h e i d e a s o f c r y s t a l 

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

d i s c u s s e d i n p r e c e d i n g p a r a g r a p h s and r e q u i r e no f u r t h e r g e n e r a l t r e a t ­

ment i n t h i s s e c t i o n . 

H . S . Dean h a s p r e p a r e d a p r o g r a m of i n v e s t i g a t i o n s on i m p e r f e c t ­

i o n s I n m i n e r a l c r y s t a l s i n wh ich i t I s hoped t o d e t e r m i n e a number o f 

p h y s i c a l p r o p e r t i e s on e a c h o f many d i f f e r e n t m i n e r a l s a m p l e s * The p r o ­

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

b y t h e p r e s e n c e o f t h e assumed s u p e r s t r u c t u r e o f c r y s t a l d i s c o n t i n u i t i e s 
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o r i m p e r f e c t i o n s . F o r i n s t a n c e : P y c n o m e t e r d e n s i t y , x - r a y d e n s i t y , 

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

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

s i z e s f o r f l o a t a t i o n , g r i n d i n g , and l e a c h i n g , e t c . a r e t o b e d e t e r m i n e d 

on t h e same s a m p l e s * I n t h i s way i t i s e x p e e t e d t h a t i n f o r m a t i o n a s t o 

number , s i z e , and e f f e c t of t h e u n i t b l o c k s i n c r y s t a l l i n e m i n e r a l s can 

b e o b t a i n e d . 

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

t e m p e r a t u r e c o e f f i c i e n t ; t h e work o n t h e o t h e r p h a s e s of t h e p r o b l e m i s 

b e i n g done b y o t h e r i n v e s t i g a t o r s a t t h e s e l a b o r a t o r i e s * 

Mosa i c o r " U n i t B l o c k " S t r u c t u r e and E l e c t r i c a l 
C o n d u c t i v i t y . 

fa) (rO 
K o e n i g s b e r g e r , and Has eh and H i n r i c h s e n , o b s e r v e d t h a t t h e 

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

b e r e p r e s e n t e d b y an e q u a t i o n s u c h a s : 
• 

I n K * -
T 

-35 
£& OX o r K - AC f 

Where K I s t h e s p e c i f i c c o n d u c t i v i t y , A, B and E a r e c o n s t a n t s a n d T i s 

t h e t e m p e r a t u r e * T h a t i s , t h e r e l a t i o n b e t w e e n t h e l o g a r i t h m of t h e 

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

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

l i m i t s . I t a l s o h o l d s o n l y f o r i o n i c c o n d u c t o r s . Above some minimum 

t e m p e r a t u r e a b r e a k o c c u r s i n t h e c u r v e logK v s . l / T . 
67) 

Sraekal h a s p o i n t e d o u t t h a t t h i s b r e a k i n t h e c u r v e c a n b e e x ­

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

b l o c k s s e p a r a t e d from e a c h o t h e r by I n t e r s t i c e s o r nLockerstellen.n 

I o n i c c o n d u c t o r s t h e n , a t t h e l o w e r t e m p e r a t u r e s , c o n d u c t e l e c t r i c i t y b y 
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v i r t u e o f m o b i l e I o n s w i t h i n t h e i n t e r s t i c e s , b u t a b o v e some c r i t i c a l 

t e m p e r a t u r e i o n s from t h e l a t t i c e s of t h e u n i t b l o c k s t h e m s e l v e s t a k e 

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

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

c h a n g e d . The c o n d u c t i v i t y can b e b e t t e r r e p r e s e n t e d by t h e e q u a t i o n : 

Where t h e f i r s t t e r m on t h e r i g h t hand s i d e r e f e r s t o t h a t p a r t o f t h e 

c o n d u c t i o n due t o t h e " L o c k e r i o n o n " and t h e s econd t e r m t o t h a t due t o 
fre) 

t h e l a t t i c e i o n s . T h i s v i ew h a s b e e n c h a l l e n g e d by J o s t , who s t a t e s 

t h a t e l e c t r o l y t i c c o n d u c t a n c e of good c o n d u c t i n g Agl c r y s t a l s i s n o t 

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

s a l t s d o e s n o t depend on i n t e r n a l b o u n d a r i e s . P a i p p s and L e s l i e 

p e r f o r m e d t r a n s f e r e n c e e x p e r i m e n t s on H a d o v e r a w ide r a n g e o f t e m p e r a ­

t u r e and m a i n t a i n t h a t t h e b r e a k i n t h e c u r v e o c c u r s a t a ->oint w h e r e 

t h e 01 i o n s b e g i n t o c a r r y a p a r t of t h e c u r r e n t , t h e 01 i o n s n o t h a v ­

i n g t a k e n a n y a p p r e c i a b l e p a r t i n t h e c o n d u c t i o n up t o t h a t p o i n t . T h e i r 

d a t a f i t E q u a t i o n (2) a b o v e . But t h e y a r e i n c l i n e d t o i n t e r n e t t h e 

e q u a t i o n i n s u c h a way t h a t t h e f i r s t t e r m r e p r e s e n t s t h e c o n d u c t i o n due 

t o one k i n d o f l a t t i c e i o n s , and t h e s e c o n d due t o t h e o t h e r k i n d of 

l a t t i c e i o n s , t h u s n e g l e c t i n g t h e i n f l u e n c e of " L o c k e r i o n e n " i f 

p r e s e n t * 

R e g l e r f ^ i n a c c o r d a n c e w i t h t h e i d e a s o f Smekal c o n c e r n i n g u n i t 

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

b o d i e s , and s o l i d i n s u l a t o r s e x i s t s i n t h e t r a n s i t i o n r e g i o n s b e t w e e n 

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

t o b e c o n s i d e r a b l y h i g h e r t h a n m e a s u r e m e n t s on g r o s s c r y s t a l s show. Be 

p o i n t s o u t t h a t d e v i a t i o n s from O h n ' s l a w can b e e x p l a i n e d on t h e b a s i s of 
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a d i s c o n t i n u o u s s t r u c t u r e . I n f a c t i t i s p o s t u l a t e d t h a t a d i s c o n t i n ­

u o u s s t r u c t u r e w i l l n o t p e r m i t Ohm's l aw t o b e obeyed by m e t a l l i c c o n -

d u c t o r s . S e l l i g e r h a s r e m a r k e d t h a t d e v i a t i o n s from Ohm's l aw a r e 

o n l y a p p a r e n t and a r i s e from p o l a r i z a t i o n phenomena . J o f f e h o l d s 

a s i m i l a r v i ew and h a s shown t h a t c o n d u c t i v i t y i n p o o r l y c o n d u c t i n g 

s a l t s d o e s f o l l o w Ohm's l a w . 

H e g l e r a l s o , i n a p a p e r on t h e e l e c t r i c a l p r o p e r t i e s of g a l e n a 

c r y s t a l s , r e p o r t e d e x p e r i m e n t s which were i n t e n d e d t o show t h a t 

g a l e n a c r y s t a l s , p o s s e s s e d p i e z o - e l e c t r i c p r o p e r t i e s . The u n i t b l o c k s 

a r e s u p p o s e d t o expand u n d e r t h e i n f l u e n c e o f a p o t e n t i a l a p p l i e d i n 

one d i r e c t i o n , and t o c o n t r a c t w i t h o p p o s i t e p o l a r i t y . T h i s e x p a n s i o n 

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

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

c a u s e s a n i n c r e a s e i n t h e t r a n s i t i o n r e s i s t a n c e , w i t h t h e combined r e s u l t 

t h a t c u r r e n t w i l l be c a r r i e d w i t h more e a s e i n one d i r e c t i o n t h a n i n 

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

b l e . I n t h e same p a p e r were r e p o r t e d e x p e r i m e n t s wh ich showed t h a t t h e 

amount of c u r r e n t c a r r i e d by a c r y s t a l o f g a l e n a was d e p e n d e n t upon t h e 

a p p l i e d p r e s s u r e . T h i s was a t t r i b u t e d t o a s q u e e z i n g t o g e t h e r o f t h e 

u n i t b l o c k s r e s u l t i n g i n a b e t t e r c o n t a c t b e t w e e n them and a c o n s e ­

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

s u r e on d e v i a t i o n s from Ohm's l a w was a l s o s t u d i e d b y R e g l e r . A c c o r d i n g 

t o t h e s e s t u d i e s , c o n d u c t i v i t y i n g a l e n a d o e s n o t f o l l o w Ohm's l a w u n t i l 

a c e r t a i n minimum p r e s s u r e i s r e a c h e d , p r e s u m a b l y t h a t p r e s s u r e a t wh ich 

t h e u n i t b l o c k s come i n t o i n t i m a t e c o n t a c t o r a t l e a s t a s c l o s e a s p o s s i ­

b l e . 

These p a p e r s and o t h e r s show t h a t b o t h t h e mechanism of e l e c t r i c 
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c o n d u c t i o n and t h e c o n c e p t of u n i t b l o c k s a r e s t i l l m a t t e r s of c o n t r o ­
l s } 

v e r s y . However , a s Gmaxal h a s p o i n t e d o u t , any d i s t u r b a n c e of t h e 

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

t r o n s i n e l e c t r o n i c c o n d u c t o r s . C o n s e q u e n t l y a s t u d y of t h e e l e c t r i c 

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

p r e s e n c e o r a b s e n c e of a m o s a i c s t r u c t u r e . 
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G a l e n a h a s b e e n c h o s e n a s t h e f i r s t m a t e r i a l t o b e i n v e s t i g a t e d , 

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

The e l e c t r i c a l c o n d u c t i v i t y o f g a l e n a and c r y s t a l l i z e d l e a d s u l f i d e 
fey) (*r) (SO (#7) 

h a s b e e n s t u d i e d by H i t t d o r f , B r a u a , D o e l t e r , duMoncs l , 
(88) &$> (90) (9/) (90 

W e i g e l , B e r a f e l d , 3 e i j e r a i c k , Buf f . K o e n i g s b e r g e r , 
<9*> (W) (9f> (90 

S t r e i n t z , 3 t r e i n t z and W e s l e y , S t r e i n t z and P e l l i c l e , L e s l e y , 
(97) (9$) (99) (/&>) (/of) 

H u i z i n g a , B a e d e k e r , R e i c h e n h e i m , P a d o a , C o l l e t , G u i n c h a n t , 
(/&) OcY) (/of) 

K o e n i g s b e r g e r and S c h i l l i n g , van A u b e l , J a m e s , eTehlhoff and 
C/oC) C/c7) 0e$) f/c?) 

Newmeir , P i e r c e , Goddard , C o u r s e y , K o e n i g s b e r g e r and 
(/v) OK) Qo) ("/) fro-) 

R e i c h e n h e i m , a k a s a b u r o , R e g l e r , T u b a n d t , T r e y , Y r e d e , 

L a p l n s k i , and o t h e r s * 

F i g u r e V shows some o f t h e r e s u l t s o f t h e s e i n v e s t i g a t o r s , v a n 

Aube l s a y s t h a t t h e r e i s a minimum i n t h e t e m p e r a t u r e - r e s i s t a n c e 

c u r v e a t -189 C . L a n d o l t and B o m s t e i n and a l s o t h e I n t e r n a t i o n a l 

C r i t i c a l T a b l e s , i n r e p o r t i n g t h e m e a s u r e m e n t s o f K o e n i g s b e r g e r and 

R e i c h e n h e i m show a minimum i n t h e c u r v e b e t w e e n 4-80 a n d — 1 8 0 ° . 

o * ^ 
James shows a p r o n o u n c e d b r e a k i n t h e c u r v e a t r 160 a n d a t t r i -

(92, 

b u t e s i t t o a t r a n s i t i o n f rom (A PbS t o P b S . S t r e i n t z n o t i c e d t h a t 

t h e c o n d u c t i v i t y was h i g h e r a f t e r h e a t i n g and c o o l i n g and a s s u m e s t h e 
(ffi) 

p r e s e n c e o f a me t e s t a b l e f o r m . L a p i n s k i a l s o s a y s t h a t h e a t i n g and 
c o o l i n g l o w e r s t h e r e s i s t a n c e . The mos t s i g n i f i c a n t s t a t e m e n t i s p r o -

0/7) 

b a b l y t h a t o f H a r v e y who, i n w o r k i n g w i t h c o m p a r a t i v e r e s i s t a n c e s 

o f d i f f e r e n t m i n e r a l s , found a v a r i a t i o n o f o v e r 300 ,000 ,* i n t h e f i g u r e s 
f o r s e v e n t e e n d i f f e r e n t s a m p l e s o f g a l e n a . 
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fa? 
S t r e i n t z showed the . t t h e p a s s a g e o f D*0* t h r o u g h g a l e n a i s 

ff l f t ief b y t h e e l e c t r o l y t i c f o r m a t i o n o f Hia ta l t h r e a d s , p a r t i c u l a r l y i f 

AgT> i s p r e s e n t * K o e m i g e b e r g e r and . c h i l l i n g s a i d t h a t c o n d u c t i o n I s 
0/3) 

o<gr t e in ly e l e c t r o n i c . Tuband t h a s shown t h a t t h e l a t t e r i s c o r r e c t 

f rom t h e s t a n d p o i n t o f t r a n s f e r e n c e e x p e r i m e n t s * Heaps h a s found a 
p r o n o u n c e d H a l l e f f e c t i n G a l e n a c r y s t a l s * And t h e m e t a l l i c l u s t e r o f 

g a l e n a c r y s t a l s l e n d s more s u b s t a n t i a t i o n t o t h e i d e a t h e * 

d u c t s e l e c t r o n i c a l l y * 

O o b l e n t z found t h a t o n e s p e c i m e n o f g a l e n a was n o t p h o t o e l e e -

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

Workers on g a l e n a from t h e s t a n d p o i n t o f i t s a b i l i t y t o r e c t i f y 

A*C* r e p o r t v a r i o u s e x p e r i m e n t a l r e s u l t s which a r e i n d i s a g r e e m e n t w i t h 

e a c h o t h e r * 

I n v i ew o f a l l o f t ; i e ae r e s u l t s * i t c a n b e s e e n t h a t , i n g e n e r a l * 

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

p e r t i e s o f g a l e n a o r l e a d s u l f i d e * 

The a i n of t h e p r e s e n t work was t o d e t e r m i n e t h e t e m p e r a t u r e , 

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

of t h e work o f o t h e r s on t h i s s u b j e c t p o i n t s t o b u t o n e s i g n i f i c a n t f a c t * 

nen*ely: f i l e i n d e p e n d e n t d e t e r m i n a t i o n o f a n y o f t h e e l e c t r i c a l p r o p e r ­

t i e s o f g a l e n a i s p r a c t i c a l l y m e a n i n g l e s s u n l e s s supp le -dcn ted by m e a ­

s u r e m e n t s on o t h e r p h y s i c a l and o h e r i l e a l p r o p e r t i e s o f t h e seme s a m p l e * 

A c c o r d i n g l y t h i s work h a s b e e n done on s a m p l e s f rom s p e c i m e n s wh ich a r e 

now b ^ i n g i n v e s t i g a t e d from t h e s t a n d p o i n t o f t h e i r o t h e r p r o p e r t i e s , a s 

m e n t i o n e d b e f o r e * 
MgTPOX) 

method c h o s e n f o r t h e m e a s u r e m e n t s I s t h a t i n w h i c h t h e p o ­

t e n t i a l d rop i s m e a s u r e d a c r o s s a p r i s m o f g a l e n a when c a r r y i n g a known 

c u r r e n t * 



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

a Leeds and K o r t h r u p t y p e K p o t e n t i o m e t e r * T h i s method e l i m i n a t e s t h e 

u s u a l e f f e e t a o f c o n t a c t s . I t was b e l i e v e d t h a t v a r i a b l e c o n t a c t 

r e s i s t a n c e b e d b e e n t h e c a u s e o f many o f t h e v a r i a t i o n s i n t h e work 

o f o t h e r i n v e s t i g a t o r s . T a l e i a n o t u n r e a s o n a b l e s i n c e g a l e n a i a known 

t o c o n d u c t d i f f e r e n t l y i n d i f f e r e n t d i r e c t i o n s . Any c o n t a c t p o t e n t i a l 

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

a n c e d by t h e c o n t a c t p o t e n t i a l a t t h e o p p o s i t e e l e c t r o d e . 

«B!KBCV OF VAHIGUS TtPM GF 

Svan t h o u g h a p o t e n t l o m e t r i c method was e m p l o y e d , e l e c t r i c a l 

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

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

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

t a n c e o b t a i n e d . The o r d i n a r y method o f c l a m p i n g t h e spec imen be tween 

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

a c r o s s two n e e d l e a a t a f i x e d d i s t a n c e a p a r t c a n n o t b e e m p l o y e d . Head -

i n g s o b t a i n e d i n t h i s f a s h i o n w e r e found t o v a r y o v e r a w i d e r a n g e by 

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

s u r f a c e a n d t h e n r e p l a c i n g them i n e x a c t l y t h e same p o s i t i o n l a s o f a r 

a s c o u l d b e d e t e r m i n e d by m i c r o s c o p i c o b s e r v a t i o n . And a l s o , c o n c o r ­

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

f rom t h e c lamp and t h e n i m m e d i a t e l y r e p l a c e d . M e r c u r y , l e a d amalgam, 

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

t i o n s , w a r e a l l t r i e d w i t h i n d e f i n i t e r e s u l t s . 
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PRESSURE EFFECT 

T h e r e was some i n d i c a t i o n t h a t c o n t a c t p r e s s u r e was a f a c t o r o f 

p r o n o u n c e d i m p o r t a n c e * T h i s i d e a was s t r e n g t h e n e d by t h e r e p o r t e d e x ­

p e r i m e n t s o f H e g i e r (See p . 2 7 ) • A c c o r d i n g l y a clamp was d e s i g n e d 

which p e r m i t t e d s m a l l c r y s t a l s of g a l e n a t o b e s u b j e c t e d t o p r e s s u r e s 

o f t h e same o r d e r ( 0 . t o 1 Kg* ) a s employed i n H e g i e r ' s e x p e r i m e n t s * 

Measuremen t s of c u r r e n t p a s s e d b y t h e c r y s t a l f o r d i f f e r e n t p r e s s u r e s 

eon f i r j s ed H e g i e r * s o b s e r v a t i o n s , i . e . , more c u r r e n t was p a s s e d a t h i g h e r 

p r e s s u r e s . However , i t c o u l d s c a r c e l y b e m a i n t a i n e d f rom s u c h e x p e r i m e n t a 

t h a t t h e r e s i s t a n c e o f g a l e n a was a f u n c t i o n of s u c h s m a l l p r e s s u r e s * I t 

was b e l i e v e d t h a t t h e change i n t h e amount o f c u r r e n t c a r r i e d was a f u n c t i o n 

of t h e g r o s s c o n t a c t be tween t h e e n t i r e c r y s t a l and t h e e l e c t r o d e m a t e r i a l , 

r a t h e r t h a n i n t h e change i n c o n t a c t p r e s s u r e be tween t h e u n i t b l o c k s , 

{ S e e p . ? 7 ) • A t t e m p t s t o m e a s u r e t h e drop a c r o s s t h e c r y s t a l f o r a 

f i x e d c u r r e n t w e r e made by d r i v i n g two P t - I r n e e d l e s , h e l d s e c u r e l y i n 

p l a c e b y means o f s e t s c r e w s , i n t o t h e s i d e o f t h e c r y s t a l . However , 

o n l y c o n t r a d i c t o r y r e s u l t s w e r e o b t a i n e d , t h e r e s i s t a n c e showing a t one 

t i m e a d e c r e a s e w i t h p r e s s u r e and a t a n o t h e r a n I n c r e a s e . I t was d e c i d e d 

t h a t s u c h d i s c r e p a n c i e s we re due t o t h e i m p o s s i b i l i t y o f s e c u r i n g f i x e d 

c o n t a c t s . V i b r a t i o n s o f t h e b u i l d i n g i n wh ich t h e work was b e i n g done 

were s u f f i c i e n t t o c h a n g e a n y one r e a d i n g t e n f o l d o r m o r e . C o n s e q u e n t l y 
(#?) 

a d v a n t a g e was t a k e n of a f a c t employed by Gobi en t z i n mak ing e l e c t r i c a l 

c o n t a c t w i t h g a l e n a c r y s t a l s , n a m e l y : T h a t a c o p p e r w i r e , h e a t e d t o i n ­

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

and fo rm a f i r ® b o n d . T h i s method made f i x e d p o t e n t i a l c o n t a c t s n o s s i b l e * 

I t was l a t e r found o u t t h a t l e a d s c o u l d b e a t t a c h e d i n t h i s way b y t o u c h i n g 

a f i n e Cu w i r e (No* 30} t o a p i e c e o f g a l e n a and s h o r t - c i r c u i t i n g b o t h a c r o s s 
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t h e h o u s e l i g h t i n g c i r c u i t w i t h e v a r i a b l e r e s i s t a n c e of a few ohms i n ­

t e r p o s e d . 

I n o r d e r t o d e t e r m i n e more d e f i n i t e l y t h e e f f e c t of p r e s s u r e , a n 

a p p a r a t u s was b u i l t s i m i l a r t o t h a t u s e d by H e g i e r b u t p e r m i t t i n g we lded 

p o t e n t i a l c o n t a c t s t o b e t a k e n from t h e c e n t e r s of t h e e n d s of t h e s p e c i ­

men • I t i s shown A l a g r a m t i c a l l y i n F i g u r e 

The c u r r e n t was a d j u s t e d f o r e a c h r e a d i n g s o t h a t i t was c o n s t a n t 

f o r a n y one s e t o f o b s e r v a t i o n s . R e s u l t s of d e t e r m i n i n g t h e IR d rop 

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

a r e shown i n T a b l e s I and I I . 

I t can b e r e a d i l y s e e n t h a t t h e r e s i s t a n c e o f g a l e n a d o e s n o t change 

w i t h t h e o r d e r of p r e s s u r e s u s e d , a t l e a s t any v a r i a t i o n s a r e s m a l l e r t h a n 

t h e o t h e r v a r i a t i o n s e n c o u n t e r e d . 

I t was f u r t h e r o b s e r v e d t h a t Ohm's l aw i s f o l l o w e d by g a l e n a a t a n y 

o f t h e p r e s s u r e s e t s p l e y e d . Thus t h e r e d o e s n o t seem t o b e a n y i n d i c a t i o n 

o f u n i t b l o c k s i n g a l e n a from t h e s t a n d p o i n t of p r e s s u r e - c o n d u c t i v i t y 

r e l a t i o n s . 

However, r e p r o d u c i b l e r e a d i n g s of s p e c i f i c r e s i s t a n c e c o u l d n o t b e 

o b t a i n e d on any one s a m p l e w i t h t h e a p p a r a t u s employed a b o v e , k me re 

r e s e t t i n g of t h e t o p b r a s s b l o c k s u f f i c e d t o change t h e f i g u r e s , n e v e r ­

t h e l e s s , f o r a n y one s e t t i n g of t h e spec imen i n t h e h o l d e r , and w i t h no 

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

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

The i n a b i l i t y t o g e t r e p r o d u c i b l e r e a d i n g s was f i n a l l y t r a c e d t o two 

c a u s e s . (1 ) Ga lena was found t o p o s s e s s a h i g h t h e r m o e l e c t r i c f o r c e 

t o w a r d c o p p e r . (2) The l o c a t i o n o f t h e c u r r e n t c o n t a c t p r o v e d t o b e a s 



TAB LB I 

Showing t h e e f f e c t p f p r e s s u r e on t h e r e s i s t a n c e of Ga lena 
Sample No. lU.U ( J o p l i n , Mo) 

C u r r e n t f o r a l l r e a d i n g s 10 m i l l i a m p e r e s . 

T o t a l P r e s s u r e R e s i s t a n c e i n 
i n Grams. ohms • 

90 0 . 0 1 2 4 
200 0 . 0 1 2 0 
400 0 . 0 1 0 3 
500 0 . 0 1 1 0 
700 0 . 0 1 1 0 
900 0 . 0 1 1 0 
700 0*0110 
500 0 . 0 1 0 5 
200 0 . 0 0 9 

90 0 . 0 1 3 0 

TAB LB I I 

Showing t h e e f f e c t o f p r e s s u r e on t h e r e s i s t a n c e o f S e l e n a 
Sample Ho. «9«OS-3 ( U . S . S . M . ) 

C u r r e n t f o r a l l r e a d i n g s 10 mi111 a m p e r e s . 

T o t a l P r e s s u r e R e s i s t a n c e i n 
i n Grams. ohms 

90 0 . 0 3 7 1 
200 0 . 0 3 5 7 
400 0 . 0 3 S 3 
600 O.O365 
s o o 0 . 0 3 7 7 

1000 O.O363 
1300 O.O369 

N o t e : 0 . 0 1 ohm c o r r e s p o n d s t o a n IB d r o p o f 0 . 1 m i l l i v o l t w i t h 
a c u r r e n t o f 10 railliamperes. Hence , a l l v a r i a t i o n s i n t h e 
above r e s i s t a n c e r e a d i n g s amount t o v a r i a t i o n s i n m e a s u r e d 
p o t e n t i a l of some 0 . 0 1 m i l l i v o l t s . 
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i m p o r t a n t a s t h e l o c a t i o n o f t h e p o t e n t i a l c o n t a c t s * 

THERMAL EFFECT 
Cm 

I t h a s b e e n o b s e r v e d b y R e g l e r t h a t g a l e n a d e v e l o p s a t h e r m a l 
- 4 

EMF a g a i n s t b r a s s o f 2 . 4 x 10 v o l t s p e r d e g r e e . I n t h e p r e s e n t work , 

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

s p e c i m e n of g a l e n a by means of a s e r i e s o f 49 w i r e s we lded t o t h e s u r ­

f a c e , i t was found t h a t r e a d i n g s were i i s p o s s i b l e when t h e spec imen was 

m e r e l y a l l o w e d t o l i s on t h e l a b o r a t o r y t a b l e . Immers ion i n an o i l b a t h 

was r e s o r t e d t o i n o r d e r t o p r e v e n t t e m p e r a t u r e e f f e c t s from i n t e r f e r r i n g . 

I t was o b s e r v e d t h a t when a b a l a n c e was o b t a i n e d on t h e p o t e n t i o m e t e r , t h e 

a p p r o a c h of a n e l e c t r i c lamp t o one of t h e p o t e n t i a l c o n t a c t s c a u s e d a 

g a l v a n o m e t e r d e f l e c t i o n , which c o u l d b e r e v e r s e d by b r i n g i n g t h e lamp i n 

t h e n e i g h b o r h o o d of t h e o t h e r p o t e n t i a l c o n t a c t . HO a t t emps we re made t o 

m e a s u r e t h e i n t e n s i t y of t h i s e f f e c t b e c a u s e t h e t e r a p e r a t u r e d i f f e r e n c e 

b e t w e e n b o t h e n d s of t h e spec imen c o u l d n o t b e d e t e r m i n e d . However , t h e 

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

GEOMETRICAL EFFECTS 

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

u n i f o r m t e m p e r a t u r e were abandoned due t o t h e f a c t t h a t t h e d i f f e r e n c e s 

i n p o t e n t i a l b e t w e e n one p o i n t and a n o t h e r on t h e s u r f a c e were s o s m a l l 

a s n o t t o b e d e t e c t a b l e . C u r r e n t s o f 1 0 , 2 0 , and 30 m i l l i a m p e r e s w e r e 

emp loyed . F u r t h e r i n c r e a s e s i n t h e amount of c u r r e n t p a s s i n g would i n ­

duce h e a t i n g e f f e c t s which would o n l y c o m p l i c a t e t h e r e s u l t s * 

B u t , b e f o r e r e l i a b l e r e a d i n g s c o u l d b e o b t a i n e d on any s p e c i m e n a t 

even room t e m p e r a t u r e , i t was n e c e s s a r y t o d e t e r m i n e t h e i n f l u e n c e o f t h e 

l o c a t i o n o f b o t h c u r r e n t and p o t e n t i a l c o n t a c t s . The welded c o n t a c t seemed 
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"to b e one o f v e r y g r e a t a d v a n t a g e i n t h a t i t was r i g i d l y f i x e d t o one 

d e f i n i t e p o i n t . A c c o r d i n g l y , s m a l l r i g h t p r i s m s of v a r i o u s g a l e n a 

s a m p l e s w e r e g r o u n d . C u r r e n t l e a d s were we lded t o t h e e n d s and p o ­

t e n t i a l l e a d s t o one s i d e . The w e l d i n g c u r r e n t , 3 t o 6 a m p s . , was 

p a s s e d i n t o t h e c r y s t a l be tween t h e end and t h e p o t e n t i a l l e a d o n t h a t 

end s o t h a t no change i n t h e s t r u c t u r e c o u l d b e o c c a s i o n e d w i t h i n t h e 

r e g i o n whose r e s i s t a n c e was t o b e m e a s u r e d , ouch a s e t up g a v e , upon 

m e a s u r i n g t h e IR drop be tween t h e p o t e n t i a l l e a d s , v e r y c o n s t a n t and 

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

However , i t was b e l i e v e d t h a t , i f t h e c u r r e n t w e r e p a s s e d t h r o u g h a n o ­

t h e r s e t o f l e a d s we lded n e x t t o t h o s e a l r e a d y p r e s e n t , a d i f f e r e n t r e a d ­

i n g would b e o b t a i n e d . 

To v e r i f y t h i s , somewhat l a r g e r p r i s m s o f g a l e n a were g r o u n d . The 

p o t e n t i a l l e a d s were welded on one s i d e a s b e f o r e . But s e v e r a l w i r e s 

were welded on each end f o r c u r r e n t l e a d s . The accompanying s k e t c h , 

Figure_Xyi , shows t h e g e n e r a l a p p e a r a n c e o f t h e spec imen w i t h t h e w i r e s 

we lded a s d e s c r i b e d . 

The e n d s o f t h e c r y s t a l were l a b e l e d 3 and T . The l o c a t i o n o f 

t h e c u r r e n t p o i n t s c a n b e u n d e r s t o o d by r e f e r r i n g t o F i g u r e VI • The 

d i s t a n c e s 3 own on t h e d i a g r a m a r e i n m i l l i m e t e r s and r e p r e s e n t t h e 

fro, XXL 

s a — ^ C u r r e n t L e a d s . 
M l w i r e s were s i n g l e c o t t o n 
c o v e r e d e n a m e l l e d B o . 3 0 . 
C o p p e r . 

P o t e n t i a l L e a d s 
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a v e r a g e o f t h e m e a s u r e m e n t s f rom b o t h e n d s , u s i n g one s i d e and t h e t o p 

o f t h e p r i s m a s r e f e r e n c e l i n e s . The sample u s e d was f rom s p e c i m e n 

No . 01805 from t h e TJ. S , N a t i o n a l Museum. The sample was mounted by s u s ­

p e n d i n g i t , b y means o f t h e w i r e s fo rming t h e v a r i o u s l e a d s , i n a c y ­

l i n d r i c a l c o p p e r c a n immersed i n t h e h e a t i n g o r c o o l i n g medium, which 

was c o n t a i n e d i n a Dewar f l a s k . Low t e m p e r a t u r e s we re o b t a i n e d w i t h t h e 

a i d o f CO and e t h e r m i x t u r e — h i g h t e m p e r a t u r e s by means of a r e s i s ­ts 

t a n c e f u r n a c e i n which t h e can was p l a c e d . Both h i g h and low t e m p e r a t u r e s 

we re m e a s u r e d w i t h an i r o n - e o n s t a n t a n t h e r m o c o u p l e . 

i i r igm 

A s a m p l e of g a l e n a f rom S t . J o s e p h Lead Company was t r e a t e d i n a 

s i m i l a r f a s h i o n . Only f i v e c u r r e n t i o i n t s were employed a s t h e sample 

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

p o i n t s f o r t h i s s a m p l e . 
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Row, j u s t a s a m a t t e r o f c o m p a r i s o n , a p r i s m of a b i s m u t h t i n 

a l l o y was f i x e d t o c o p p e r l e a d s i n e x a c t l y t h e same w a y . 'The c o p p e r 

w i r e was w e l d e d t o t h e a l l o y by immers ing t h e w i r e i n a d rop of z i n c 

c h l o r i d e s o l d e r f l u x and s h o r t c i r c u i t i n g t h e w i r e a n d t h e a l l o y a c r o s s 

t h e power l i n e s f o r a s econd o r l e s s . The l o c a t i o n of t h e c u r r e n t 

p o i n t s i n t h i s c a s e can b e s e e n by r e f e r e n c e t o F i g u r e 8 . 

f i g u r e V I I I 

/ 

V 

i 

F i g u r e s X£ f I , and XI show t h e p o t e n t i a l s o b t a i n e d a c r o s s t h e 

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

T h i s g i v e s some i d e a of t h e c u r r e n t d i s t r i b u t i o n i n t h e g a l e n a . I t 

w i l l b e o b s e r v e d t h a t t h e B i - S n a l l o y shows a s i m i l a r d i s t r i b u t i o n o f 

c u r r e n t . 

F i g u r e s X I I , X I I I , and XIY, a r e t y p i c a l c u r v e s p l o t t e d from t h e 

r e s u l t s of t e m p e r a t u r e - r e s i s t a n c e m e a s u r e m e n t s . The a c t u a l n u m e r i c a l 

r e s u l t s a r e shown i n T a b l e s I I I , I T and V. I t i s i n t e r e s t i n g t o n o t e 

t h a t none of t h e i n d i v i d u a l c u r r e n t p o i n t s show t h e same t e m p e r a t u r e 

c o e f f i c i e n t . T h i s i s t r u e f o r t h e B i - S n a l l o y a s w e l l a s t h e g a l e n a 

s a m p l e s . The c u r v e s showing t e m p e r a t u r e - r e s i s t a n c e r e l a t i o n s h i p s when 

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



a m i n 

C o n t a c t C G 2 - e t h e r 
C o m b i n a t i o n M i x t u r e . 

Ohms. :i;e^p, 

Sample NO. S1805-8 (U.S .N.M. ) 
I c e Water loom Temp. Hot Water Furnace« 

A 
F 

f l 

m 

B 
B*7 

8 
9 

o . 
0 .013U5 
0 . 0 1 1 9 
0,023k 
0 . 0 1 6 2 
0 . 0 0 3 2 
0 . 0 0 0 s 
0 . 0 0 1 8 
0 . 0 0 2 2 
0 . 0 0 0 7 
0 . 0 0 3 7 

0 . 0 1 3 6 
0 . 0 2 6 6 
0 . 0 0 x 3 
0 . 0 0 2 0 

- s o 0 

- s o 
- 7 5 
- 7 5 
- 7 7 
- 7 7 
- 7 8 
- 7 8 
- 7 9 
- 7 9 
- 7 8 

s* 0 . 0 1 3 7 5 -SO 
1 . 0 . 0 1 5 0 - 7 5 

8 2 . 0 . 0 2 7 S - 7 5 
$ • 0 . 0 1 9 9 - 7 7 

0 . 0 0 9 2 —78 
«%» 0 . 0 0 1 s - 7 8 
* £ • 0 . 0 0 1 1 —78 
8 7 . 0 . 0 0 6 9 - 7 9 

0 . 0 0 3 3 - 7 8 

a 
0 . 0 0 6 3 - 7 8 

• 
By* 

•75 
•75 
.78 
•78 

Ohms. 

0 . 0 3 8 6 
0 . 0 2 2 9 5 
0 . 0 J 0 5 
0 . 0 % 1 
0 . 0 2 6 3 

0 . 0 0 5 5 
0 . 0 0 7 2 
0 . 0 0 6 0 
0 . 0 0 5 0 
0 . 0 0 6 3 

0 . 0 3 9 1 
0 . 0 2 2 9 5 
0 . 0 2 8 8 
0.0UU2 
0 . 0 2 5 9 

O.OO63 
O.OO55 
0 . 0 0 5 2 
0 . 0 0 5 2 
0 . 0 0 0 2 

0*03^8 
0 . 0 2 2 9 
0 . 0 W 
0 . 0 0 5 9 
0 . 0 0 5 1 

Temp. 

0 . 5 ° 
1 .1 
0 . 5 
0 . 5 
0 . 5 

0 . 5 
0 . 5 
0 . 5 
0 . 5 
0 . 5 

0 . 5 
1 .1 

0 . 5 
e . 5 
0 . 5 

0 . 5 
0 . 5 
0 . 5 
1 .0 
1 .0 

0 . 5 
1 . 1 
0 . 5 
0 . 5 
1 .0 

Ohms • 

0 . 0 4 1 2 
0.0*126 
0.0U15 
0 . 0 5 5 0 
0 . 0 3 3 0 
0 . 0 1 0 0 
0 . 0 0 8 4 
0 . 1 0 0 
0 . 0 0 7 1 
0 . 0 0 7 3 
0 . 0 0 7 5 

0 . 0 ^ 0 7 
0.0U10 
o . o t o ) 
0 . 0 5 1 5 
0 . 0 3 2 0 
0 . 0 1 1 0 
0 . 0 0 8 3 
0 . 0 0 9 5 
0 . 0 0 7 5 
0 . 0 0 6 4 
0 . 0 0 6 s 

0.0U095 
0.0U18 
0 . 0 5 5 2 
0 . 0 0 8 3 
0 . 0 0 6 s 

Temp. Ohms. Temp. Ohms« Temp. Ohms, Temp. 

2 4 . 2 ° 
25 
2 4 , 2 
2 4 . 2 
2M.2 
2K2 
2 4 . 2 
2 4 . 2 
2U.2 
«>4.2 
2 4 . 2 

2 4 , 2 
25 
2 4 , 2 
2 4 . 2 
2 4 . 2 
2 4 . 2 
2 4 . 2 
2 4 . 2 
2U.2 
2 4 . 2 
2 4 . 2 

2 4 . 2 
2 5 
2 4 . 2 
2 4 . 2 
2 4 . 2 

0 . 0 5 3 0 
0 . 0 5 7 1 
0 . 0 6 7 2 
0 . 0 7 2 5 
0 . 0 3 S 1 
0 . 0 1 6 J 
0 . 0 1 4 4 
0.01U7 
0 . 0 1 0 1 
0 . 0 0 9 1 
0 . 0 0 8 2 

0 . 0 5 3 2 
0 . 0 5 7 6 
0 . 0 5 3 5 
0 . 0 7 1 5 
0 . 0 3 9 6 
0 . 0 1 7 5 
0 . 0 1 7 2 
0 . 0 1 5 2 
0 . 0 1 1 2 
0 . 0 1 1 6 
0 . 0 0 9 1 

0 . 0 5 3 1 
O.O57U 
0 . 0 7 2 0 
0 . 0 1 5 8 
0 . 0 1 0 2 

6 1 . 5 ° 
7 6 . 5 
73 
70 
69*5 
6 s 
6 7 . 5 
6 ? 
6 4 . 5 
64 
62 

6 1 . 5 
7 6 . 5 
73 
7©»5 
69 
6 8 . 5 
67 
66 
64 
64 
6 2 . 6 

6 1 . 5 
7 6 . 5 
70 
67 
1 

0 . 1 2 7 3 
0 . 

153° 0.131** 
0 . 1 1 2 0 

197*5° 
1 9 8 . 9 

O.1H17 153 O.1556 197 
0 . 0 9 6 0 1 9 9 . 8 

O.13H5 153 0 . 1 ^ 5 197 
0 . 1 0 4 0 199 

r e f e r s t o r e a d i n g s made b y u s i n g a l l c u r r e n t c o n t a c t s a n d t a k i n g p o t e n t i a l from t h e t o p s i d e 
r e f e r s t o r e a d i n g s made b y u s i n g c u r r e n t c o n t a c t s , 1 , 2 , 3 , 4 , 6 , 7 , 8 , a n d 9 . P o t e n t i a l a c r o s s c e n t e r o f e n d s , 

i . e . c o n t a c t s No . 5 . 
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Sample No. 14*7 ( J o p l i n , Mo.) 

C o n t a c t 
C o m b i n a t i o n 

i f f 
fj «** i * 
8 5 2 . 

fe 

A . 

• O O ^* 
«i « n* 

C O g - e t h e r 
M i x t u r e 

- 6 9 ° 
- 7 7 

- 7 1 
•*]& 

• 6 9 
- 7 7 
- 6 9 
- 7 0 
- 7 1 
- 7 6 

0 . 0 0 1 5 
0 . 0 0 2 5 
0 . 0 0 1 8 
0 . 0 0 0 6 
0 . 0 0 1 2 
0 . 0 0 2 3 

0 . 0 0 1 7 
0 . 0 0 2 9 
0 . 0 0 1 3 
0 . 0 0 3 5 
0 . 0 0 1 3 
0 . 0 0 0 6 

I c e Water 

Ohms. Temp* 

0 . 0 0 3 1 
O.OO53 
0 . 0 0 3 0 
0 . 0 0 2 9 
0 . 0 0 2 4 
0 . 0 0 3 2 

0 . 0 0 J 0 
0 . 0 0 4 7 
0 . 0 0 2 7 
0 . 0 0 5 1 
0 . 0 0 2 4 
0 . 0 0 2 2 

1 . ° 
I 
1 
1 
1 
1 

1 
4 
1 
1 
1 
1 

Boom Temp. 

Ohms. Temp. 

0 . 0 0 4 1 
C O 0 6 5 

0 .00U1 
0 . 0 0 5 5 

2 5 0 

25 

•tit 
25 

Hot Water F u r n a c e F u r n a c e . 

Temp. Ohms. Temp* Ohms. Temp, 

O.OO56 
0 . 0 0 8 6 
0 . 0 0 4 2 
0 . 0 0 4 6 
0 . 0 0 4 2 
0 . 0 0 5 8 

O.OO65 
0 . 0 0 7 5 
O.OO66 
0 . 0 0 S 1 
0 . 0 0 4 2 3 
0 . 0 0 4 3 

0 . 0 0 1 6 "•69 0 . 0 0 3 0 1 ©»0041 25 0 . 0 0 6 1 
0 . 0 0 2 7 —77 0 . 0 0 4 9 4 O.OO58 25 0 . 0 0 8 1 
0 . 0 0 1 6 - 6 9 0 . 0 0 2 9 1 

O.OO58 25 
0 . 0 0 5 4 

0 . 0 0 1 5 . - 7 6 0 . 0 0 2 7 1 — — — — 0 . 0 0 5 1 

7 6 ° 
7H 

s 
6 9 . 5 
68 

6 7 . 5 

76 
7**.5 
71 
6 9 . 5 
68*5 
6 7 . 5 

IS 
74 
? 1 
6 7 - 5 

0 . 0 0 8 4 
O.0156 

0 . 0 1 6 6 
0 . 0 1 8 6 

0 . 0 1 2 5 
0 . 0 1 7 1 

218*30 
2 1 2 . 8 

2 2 1 . 1 
214 

220 
213 

A 9 r e f e r s t o r e a d i n g s made by u s i n g a l l c u r r e n t c o n t a c t s a n d t a k i n g p o t e n t i a l from t o p s i d e . 
F . r e f e r s t o r e a d i n g s made b y u s i n g c u r r e n t c o n t a c t s 1 , 2 , 3 , m& 4 . P o t e n t i a l t a k e n a c r o s s t h e c e n t e r 

o f t h e o n u s , i . e . , c o n t a c t s Ho . 5 . 



TABLE V 

B i - S n A l l o y ( Ijf 3a ) 

C o n t a c t 
Combina t ion 

CK3g-*athar 
M i x t u r e 

0 . 0 0 6 2 3 - 7 3 ° 
F . 0 . 0 0 0 2 1 - 7 3 
1* 0 . 0 0 0 3 7 - 7 3 
2 . 0 . 0 0 0 3 7 - 7 3 

I: 
0 . 0 0 0 2 5 
0 . 0 0 0 1 6 

- 7 3 
- 7 3 

5 . 0*00015 - 7 3 

I c e Water Boom Tamp 1 Hot Watcf 

Temp. Ohm®. Temp, Ohms. | 

0 . 0 0 0 3 1 2 9 ° O.OOO37 
0 . 0 0 0 3 3 29 O.OOO33 
0 . 0 0 0 5 1 29 0 . 0 0 0 5 0 
0 . 0 0 0 5 0 29 0 . 0 0 0 5 0 
0 . 0 0 0 3 1 29 0 . 0 0 0 3 1 
0 . 0 0 0 1 7 29 0 . 0 0 0 2 0 
0 . 0 0 0 1 7 00 0 . 0 0 0 1 7 

7 3 ° 
66 
7 1 
70 
S9 
6 s 
67 

F u r n a c e 

Ohms. Temp. 

0 . 0 0 0 2 5 —73 O.00033 29 0 , 0 0 0 3 7 
JB « 0 . 0 0 0 1 5 - 7 3 0 . 0 0 0 3 3 29 0 . 0 0 0 3 3 
1 * G.00037 - 7 3 o . 0 0 0 5 1 29 0 . 0 0 0 5 1 
2 . 0 . 0 0 0 3 7 - 7 3 0 . 0 0 0 5 0 29 0 . 0 0 0 5 0 

0 . 0 0 0 2 0 - 7 3 0 . 0 0 0 3 1 29 0 . 0 0 0 3 3 
0 . 0 0 0 0 s - 7 3 0 . 0 0 0 1 7 29 0 . 0 0 0 3 0 

5* o . o o o o s - 7 3 0 . 0 0 0 1 5 29 0 .0O017 

73 
6 5 . 5 
7 1 
70 
69 
6 s 
67 

r e f e r s t o r e a d i n g s made b y u s i n g a l l c u r r e n t c o n t a c t s a n d t a k i n g p o t e n t i a l from t o p a i d e , 
r e f e r s t o r e a d i n g s made by u s i n g c u r r e n t c o n t a c t s 1 , 2 , 4 , a n d 5 . P o t e n t i a l t a k e n a c r o s s t h e c e n t e r 

o f t h e e n d s , i . e . , c o n t a c t s l o . 3 . 
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a p p r o x i m a t i o n t o t h e t r u e c o n d i t i o n . T h u s , t h e s e c u r v e s f o r t h e B i - 3 n 

a l l o y a r e s t r i c t l y s t r a i g h t l i n e s . T h i s conforms t o t h e b e h a v i o r of 

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

c u r v e s f o r g a l e n a do n o t snow t n i s l i n e a r r e l a t i o n s h i p . I n g e n e r a l , t h e y 

a r e more n e a r l y h o r i z o n t a l a t t h e l o w e r t e m p e r a t u r e s and t h e s l o p e i n ­

c r e a s e s r a p i d l y w i t h i n c r e a s i n g t e m p e r a t u r e . T h i s u n q u e s t i o n a b l y shows 

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

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

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

of a g g r e g a t e s t r u c t u r e . But q u a n t i t a t i v e i n t e r p r e t a t i o n i s p r a c t i c a l l y 

i m p o s s i b l e w i t h t h i s method of a t t a c k . 

R e f e r e n c e t o any of t h e c u r v e s , o r b e t t e r t o f i g u r e s XX, X t and 

XI w i l l show t h a t t h e p o t e n t i a l r e a d i n g i s v e r y d e l i c a t e l y a d j u s t e d t o 

t h e d i s t a n c e s b e t w e e n t h e n e a r e s t cu r e n t l e a d s and t h e l i n e a l o n g 

which t h e p o t e n t i a l i s m e a s u r e d . Now, u n l e s s a l l p o i n t s ; t h a t i s , 

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

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

F i g u r e IX 
I 

9 m 
o. tfff at, v. o.JJmv. 

• • • 
0, too 0.100 

0 $ 
0.011 0,073 

Sample 81805 U. 3 . K. Mm ^~8> 

Diagram showing t h e p o t e n t i a l m e a s u r e d a c r o s s t h e f i x e d p o t e n t i a l 

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

10 M. A , T e m p e r a t u r e - 2 4 . 2 ° C . 
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F i g u r e I 

1 

• • 

9 

9 \ m 
0,07? 

S a m p l e - g a l e n a f rom S t . J o e Lead Co* / f - 7 
Diagram snowing t h e p o t e n t i a l m e a s u r e d a c r o s s t h e f i x e d p o t e n t i a l 

l e a d s f o r d i f f e r e n t p a i r s o f c u r r e n t l e a d s * C u r r e n t i n a l l c a s e s 

30 M, A . T e m p e r a t u r e 1 ° . 

F i g u r e XI 

I 

• • 
0,03/ *./. 0, 030M./ 

9 t.OtfW.V. 

9 9 
OiO'O wv- 0. OW W.K 

Sample Bi - Sn A l l o y ( a p p r o x . 1% Sn) 

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

l e a d s f o r d i f f e r e n t p a i r s of c u r r e n t l e a d s . C u r r e n t i n a l l c a s e s 60 

M. A. T e m p e r a t u r e - 2«°» 
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P r e l i m i n a r y e x p e r i m e n t s had b e e n made a t t h e b e g i n n i n g a t t h i s 

work I s whloh r i g h t p r i s m a o f g a l e n a we re c o p p e r - p l a t e d , t h e Cu g r o u n d 

from a l l b a t two e n d s , and s o l d e r e d c o n n e c t i o n s made t o t h o s e e n d s * 

•f.:.is n i l a p l a n e c u t s e t o v e r t h e e n t i r e e r e a of e-.ch or.d of tr.e r i a n . 

At t h a t t i m e t h e method waa abandoned b e c a u s e o f t h e e x t r e m e m e c h a n i c a l 

w e a k n e s s o f t h e j o i n t * Also t h e welded c o n t a c t waa n o t t h e n known, 

and b o t h p o t e n t i a l and c u r r a n t c o n t a c t s had b e e n t a k e n f rom t h e same 

d r o p o f s o l d e r , wh ich wea n o t d e s i r a b l e s i n c e t h e r e a d i n g s t h u s i n ­

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

However , i t waa d i s c o v e r e d t h a t t h e Cu p l a t e and s o l d e r c o n n e c t i o n c o u l d 

b e made s a t i s f a c t o r i l y i f s m a l l c o p p e r w i r e w e r e u s e d * The e m a i l w i r e 

waa s u f f i c i e n t l y p l i a b l e t o t a k e a l l o f t h e s t r a i n and t r a n s f e r b u t 

v a r y l i t t l e t o t h e Cu m g a l e n a bond* 

The c o p p e r - p l a t e d end o f f e r a a c u r r e n t c o n t a c t whloh c o v e r s a l l 

p o i n t s of t h e end o f a e r y a t a j j a s t h e c o p p e r i s d e p o s i t e d i n a l l c o r ­

n e r s and i r r e g u l a r i t i e s of t h e s u r f a c e * The e x p e r i m e n t s on t h e 

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

c o n d i t i o n * 

A s e c t i o n o f g a l e n a , sawed from a l a r g e b l o c k and ground t o s q u a r e 

c r o s s s e c t i o n b y m o u n t i n g w i t h b a l s a m o n a p i e c e o f k e y s t e e l , wea 

a g a i n sawed t o g i v e two s a m p l e s f rom t h e aame p o r t i o n o f t h e same 

spec imen* B o t h s a m p l e s w a r e c o p p e r - p l a t e d i m d a r i d e n t i c a l c o n d i t i o n s , 

a n d l e a d s s o l d e r e d t o t h e e n d s a s p r e v i o u s l y d e s c r i b e d * Two p o t e n ­

t i a l l e a d s were we lded i n t o o n e s i d e o f e a c h p r i s m * The c u r r e n t waa 

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

made w i t h t h e f o l l o w i n g r e s u l t s : 
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Sample Ho* 

1 4 - 1 3 

1 4 - 1 4 

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

f o r m u l a , 1 

(Where P ~ S p e c i f i c R e s i s t a n c e , (Ohm-Cm), B - r e s i s t a n c e o f sample i s 

Ohms, 1 - d i s t a n c e be tween p o t e n t i a l l e a d s , a n d a * a r e a o f c r o s s s e c t i o n ) 

shows a d i f f e r e n c e o f 0*00043 ohms o r 3 1 $ o f t h e h i g h e r v a l u e * 

I t was e v i d e n t t h a t e i t h e r t h e method was a t f a u l t o r e l s e t h e 

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

A new p o t e n t i a l c o n t a c t was we lded i n t o t h e sample 14*13 a t a p o i n t 

on a l i n e w i t h and b e t w e e n t h e two o r i g i n a l c e n t a c t a * 

Measurement o f t h e IR d rop b e t w e e n t h e new c o n t a c t and o n e o f t h e 

o l d o n e s g a v e , when c a l c u l a t e d t o s p e c i f i c r e s i s t a n c e , 0 . 0 0 2 2 1 ohms-cm. 

L i k e w i s e a new measurement on t h e two o r i g i n a l c o n t a c t s g a v e a f i g u r e o f 

0 . 0 0 2 3 1 ohm-cm. 

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

The change i n r e s i s t i v i t y i s b e l i e v e d d u e t o t h e i n t e r p o s i t i o n o f t h e 

new c o n t a c t i n t h e p a t h o f t h e c u r r e n t • M i c r o s c o p i c o b s e r v a t i o n o f s e v ­

e r a l o f t h e we lded c o n t a c t s i n c r o s s s e c t i o n showed t h a t t h e w i r e s p e n e ­

t r a t e d i n t o g a l e n a t o d i f f e r e n t d e p t h s . T h i s f a c t o r seems t o b e beyond 

c o n t r o l . The c r o s s s e c t i o n showed t h e w i r e p a r t i a l l y d i s s o l v e d and c e ­

men ted i n t o a s h e a t h o f b l a c k m a t e r i a l , p r o b a b l y a m i x t u r e o f c o p p e r 

s u l f i d e and m e t a l l i c l e a d . 

T h e s e l a s t e x p e r i m e n t s , t o g e t h e r w i t h t h o s e on t h e e f f e c t o f c o n t a c t 

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

M.A. Sp . R e s . 

20*0 0 .00182 2 4 ° 

2 0 . 0 0 . 0 0 1 3 9 2 4 ° 
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c o n d u c t i v i t y o f g a l e n a . Only c o m p a r a t i v e m e a s u r e m e n t s c a n b e made a n d 

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

RESISTANCE AKD TEWPHBATUnS 

I t was b e l i e v e d t h a t p e r h a p s some c o n s t a n c y m i g h t b e o b t a i n e d i n 

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

f a c t t h a t t h e we lded l e a d s p e n e t r a t e d t o d i f f e r e n t d e p t h s , t h e y w e r e 

a d o p t e d a s t h e mos t r e l i a b l e c o n t a c t . The maximum o b s e r v e d d i s c r e p a n ­

c i e s wh ich we re p r o b a b l y p a r t l y o r e n t i r e l y due t o t h e w e l d e d c o n t a c t , 

amounted t o o n l y a b o u t 3 0 $ . N e e d l e c o n t a c t s had shown i n c o n s i s t e n c i e s 

o f 1000$ o r m o r e . The c o p p e r - p l a t e d c u r r e n t c o n t a c t s w e r e a l s o r e ­

t a i n e d a s t h e b e s t . S i x d i f f e r e n t s a m p l e s w e r e g r o u n d t o t h e same 

c r o s s s e c t i o n a l a r e a by m o u n t i n g on key s t e e l a s b e f o r e . They were 

c o p p e r - p l a t e d , d r i e d , and l e a d s s o l d e r e d and we lded a l l u n d e r t h e 

same c o n d i t i o n s . R e s i s t a n c e r e a d i n g s we re made a t CO - e t h e r , i c e 
j& 

o 

w a t e r , and room t e m p e r a t u r e s , and a t t e m p e r a t u r e s be tween 150 and 

2 1 0 " C . The s a m p l e s w e r e mounted i n t h e same way a s f o r t h e e x ­

p e r i m e n t s on t h e l o c a t i o n of c o n t a c t s (See p a g e , ) R e a d i n g s w e r e 

made a s shown i n T a b l e s 7 1 , V I I , V I I I , I X , X, and 3QU 

I t w i l l b e o b s e r v e d t h a t a p p a r e n t l y an i r r e v e r s i b l e change t ^ c e s 

p l a c e upon b o t h h e a t i n g and c o o l i n g of some o f t h e s a m p l e s . The e f f e c t 

due t o h e a t i n g h a s b e e n o b s e r v e d by o t h e r s (See p a g e ff ) , b u t h a s 

u s u a l l y been a d e c r e a s e i n r e s i s t a n c e . P e r h a p s t h e i n c r e a s e o b s e r v e d 

i n some of t h e p r e s e n t e a s e s i s due t o o x i d a t i o n . However , some s a m p l e s 

show a d e c r e a s e , and i t would seem u n l i k e l y t h a t one s p e c i m e n o f g a l e a e 



TABLE VI 

Sample Ho. 98110-1 (U.S .H.M.) 

C u r r e n t 20 m i l l i a m p o r e s . 
H e a d i n g s r e p o r t e d i n t h e o r d e r t a k e n . 

R e s i s t a n c e i n ohms. T e m p e r a t u r e ° 6 . 

0 . 0 8 8 4 19 
0 . 0 8 8 2 19 
0 . 2 0 7 0 205 
0 . 2 0 6 8 205 
0 . 0 8 9 9 2 1 . 5 
0 . 0 8 9 2 2 1 . 5 
0 . 0 8 3 2 0 . 7 
0 . 0 8 4 3 0 . 6 

TABLE VI I 

Ga lena sample Ho* 1 3 . 

C u r r e n t 10 M i l l i a n p e r e s . 
H e a d i n g s r e p o r t e l i n t h e o r d e r t a k e n . 

R e s i s t a n c e i n ohms. T e m p e r a t u r e °C 

2 . 1 5 9 8 19 
2 . 1 6 1 0 19 
3 . 2 7 4 3 1 5 6 . 5 
3 . 3 0 8 5 158 
2 . 5 5 3 8 21 
2 . 5 4 8 3 21 
2 . 4 6 1 3 8 
2 . 4 5 7 7 3 
1 .7177 - 7 0 ( app ro*) 
1 .7060 - 7 0 1 

1 .4063 23 
1.3656 23 

TABLE T i l l 
Sample 17589-6 {U.S .S .M.) 

C u r r e n t 30 m i l H a m p e r e s 
R e a d i n g s r e p o r t e d i n t h e o r d e r t a k e n . 

R e s i s t a n c e i n ohms T e m p e r a t u r e °C 
0 . 0 6 2 9 19 
0 . 0 6 5 5 19 
0 . 0 7 8 5 0 . 7 
0 . 0 7 7 4 0 . 7 
0 . 0 8 3 2 23 
0 . 0 8 4 9 23 
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Sample 13203-2 (U.S .H.M.) 
C u r r e n t 10 m l l l i a m p e r e a . 

R e a d i n g s r e p o r t e d i n t h e o r d e r t a k e n * 

o 
R e s i s t a n c e i n ohms T e m p e r a t u r e C P o l a r i t y 

1 .1145 I S B -
1 .106 19 T -
1 .364 166 B -
1 .929 174 T -
1 .410 0 . 6 B— 
1*415 0 . 6 T -
1.327 24 B -
1 .3287 24 T -
2 . 4 5 4 5 - 7 0 ( app rox ) B -
2 . 3 0 9 3 - 7 0 w T— 
1 .400 23 B -
1 .382 23 T -

Sample 81805-9 (U.S .H.M.) 
C u r r e n t 10 m i l l i a s i p e r e s * 

R e a d i n g s r e p o r t e d i n t h e o r d e r t a k e n . 

R e s i s t a n c e i n ohms. T e m p e r a t u r e C P o l a r i t y 

0*2906 19 3 -
0 . 2 9 0 8 19 T -
0 . 3 7 4 7 151 B -
0 . 3 8 5 6 152 T -
0 . 3 0 4 0 . 2 B -
0 . 3 1 3 0 . 2 T*» 
0 . 3 2 6 M B -
0 . 3 2 8 24 T -



USABLE XI 

Sample 1 4 - 1 0 ( J o p l i n , Mo.) 
C u r r e n t 30 m i l l i a m p e r e s . 

R e a d i n g s r e p o r t e d i n t h e o r d e r t a k e n * 

Ixesis ta—se i n ohms. T e m p e r a t u r e . °C P o l a r i t y 

0 , 0 0 3 5 19 B -
0 . 0 0 3 5 19 T -
0 . 0 0 9 4 164 B -
0 . 0 0 8 4 6 165 T -
0 .00294 0 . 8 B -
0 . 0 0 3 0 0 0 . 8 T -
0 . 0 0 3 3 3 25 B -
0 . 0 0 3 6 0 23 T -
0 . 0 2 3 6 - 7 0 ( a p p r o x ) B -
0 . 0 2 4 1 - 7 0 • T -
0 . 0 5 5 24 B~ 
0 . 0 5 5 24 T~ 
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s h o u l d he much more r e s i s t a n t t o o x i d a t i o n t h a n a n o t h e r . F u r t h e r m o r e , 

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

L a p i n s k i ( l o c . c i t . ) h a s o b s e r v e d c r y s t a l g r o w t h i n p r e s s e d PbS 

p o w d e r s a t 2 1 5 ° - £ 2 5 ° C , and r e m a r k s t h a t s u c h g r o w t h t a k e s p l a c e w i t h ­

o u t h e a t i n g , a l t h o u g h v e r y s l o w l y . But t h i s phenomenon h a s a l w a y s b e e n 

accompan ied by a d e c r e a s e i n t h e r e s i s t a n c e . 

Wate r v a p o r o r o t h e r g a s e s may b e d r i v e n o f f f rom w i t h i n t h e 

i n t e r i o r o f t h e c r y s t a l . L a p i n s k i o b s e r v e d t h i s i n t h e c a s e of h i s 

p r e s s e d p o w d e r s . And a l s o t h e c h a n g e s due t o c o o l i n g may be due t o a 

c o n d e n s a t i o n of t h e a d s o r b e d g a s e s w i t h i n t h e c r y s t a l . 

The e f f e c t of m i n u t e i m p u r i t i e s c a n b e c o n s i d e r a b l e , and i t i s 

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

i t s i m p u r i t i e s s h o u l d t a k e p l a c e on h e a t i n g . T h a t I s , some i m p u r i t y , 

n a t u r a l l y r e t a i n e d a s a d i s t i n c t p h a s e , may e n t e r t h e g a l e n a l a t t i c e a t 

some h i g h e r t e n p e r a t a r e end e x i s t t h e r e a f t e r a s s o l i d s o l u t i o n . 

Head (See p a g e ff) h a s o b s e r v e d m i n u t e NaCI c r y s t a l s on c l e a v e d g a l e n a 

s u r f a c e a . P e r h a p s w i t h a s t r e t c h o f t h e i m a g i n a t i o n , HaCl m i g h t go 

i n t o s o l u t i o n i n P b S . The s t r u c t u r e s o f t h e two m a t e r i a l s a r e of t h e 

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

d i f f e r e n t . 

S t r e i n t z and James had p o s t u l a t e d two a l l o t r o p l c m o d i f i c a t i o n s of 

g a l e n a a s c a u s e o f t h e change on h e a t i n g and c o o l i n g . I t i s n o t b e ­

l i e v e d t h a t t h e r e i s a t p r e s e n t a n y x - r a y e v i d e n c e o f s u c h p o s s i b i l i t i e s . 

T h i s q u e s t i o n i s t o b e s t u d i e d by x - r a y s a t a l a t e r d a t e . 

* t w i l l b e n o t i c e d t h a t t h e r e a r e g r e a t d i f f e r e n c e s i n t h e r e ­

s i s t a n c e s of t h e v a r i o u s s a m p l e s . Even t h o u g h we assume t h a t any 

p a r t i c u l a r measurement i s a c c u r a t e t o o n l y 30,4, t h e v a l u e s measu red 



P a g e 44 

r a n g e f rom 0 . 0 0 5 t o 1 ohm f o r t h e o r y s t a l s showing t h e u s u a l c l e a v a g e 

and up t o E ohms i n t h e e a s e o f s a m p l e 15 wh ich was o o i ^ o s o d o f a n 

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

b i l i t y o f 1 0 0 , 0 0 0 $ . 

Such v a r i a t i o n s c a n n o t b e d e f i n i t e l y e x p l a i n e d and a r e p r o b a b l y 

due t o p a r t o r a l l o f s e v e r a l c a u s e s . I m p u r i t i e s a r e p e r h a p s o n e o f t h e 

g r e a t e s t s o u r c e s o f v a r i a t i o n . T h e s e may b e p r e s e n t a s : (1) S o l i d 

s o l u t i o n s i n t h e l a t t i c e . (3) M e c h a n i c a l i n c l u s i o n s b e t w e e n p l a n e s 

o f w e a k n e s s i n t h e c r y s t a l . (3 ) D i s p e r s i o n s t h r o u g h o u t t h e c r y s t a l , 

o r (4) Adsorbed m a t e r i a l . 

(1 ) The s o l u t i o n of any m e t a l i n a n o t h e r i s known t o c a u s e « 

marked d e c r e a s e i n t h e c o n d u c t i v i t y of t h e o r i g i n a l m e t a l • Such i s 
of 

p r o b a b l y what may b e e x p e c t e d i n t h e c a s e of s o l i d s o l u t i o n s o t h e r 
* A 

m a t e r i a l i n g a l e n a . 

(2) Head h a s r e c e n t l y o b s e r v e d m i n u t e M S I c r y s t a l s on 

c l e a v a g e f a c e s of some of t h e m i n e r a l s e n n l o y e d i n t h i s w o r k . Lead 

c a r b o n a t e h a s a l s o been found on f r e s h l y c l e a v e d g a l e n a s u r f a c e s o f 
Ceoy 

o t h e r s p e c i m e n s . Tuband t h a s shown t h a t t h e c o n d u c t i v i t y o f P b C l g 

i s i n c r e a s e d 47 f o l d due t o a n a d m i x t u r e o f 0 . 1 $ KC1, and t h a t t h e KC1 

d o e s n o t t a k e p a r t i n t h e c o n d u c t i o n . S i m i l a r e f f e c t s a r e c e r t a i n l y 

n o t i m p o s s i b l e f o r e l e c t r o n i c c o n d u c t o r s . 

(3 ) D i s p e r s e d m a t e r i a l i n g a l e n a w i l l o b v i o u s l y change i t s c o n ­

d u c t i v i t y . M e t a l l i c l e a d h a s b e e n found i n t h e form o f m i n u t e g l o b u l e s 

i n g a l e n a . The m i x t u r e of ? b and PbS s h o u l d n o t c o n d u c t i n t h e same 

d e g r e e a s p u r e P h S . 

(4) As t o a d s o r b e d m a t e r i a l , i t i s q u i t e e v i d e n t , a s s u m i n g t h e 
u n i t b l o c k i d e a , t h a t t h e c u r r e n t w i l l b e c o n d u c t e d b y e i t h e r t h e a d -



s o r b e d l a y e r s , t h e l a t t i c e p r o p e r , o r b o t h . I n any c a s e a change i n t h e 

r e s i s t i v i t y w i l l b s o c c a s i o n e d by a change i n s i z e o r s h a p e of t h e b l o c k s . 

T r e d e h a s shown t h a t c o m p l e t e r e m o v a l o f t h e g a s e s from c r y s t a l l i z e d 

PbS by r e p e a t e d s u b l i m a t i o n s u n d e r a vacuum, p r e v e n t s t h e r e c t i f y i n g e f f e c t 

from b e i n g o b s e r v e d . 

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

f o r e i g n i n c l u s i o n s w i l l be e x p e c t e d t o add t h e i r e f f e c t on c o n d u c t i v i t y 

m e a s u r e m e n t s . A s i s t e r s ample o f U .S .N .M. 1 3 2 0 8 , ( T a b l e J£ ) was found 

t o b e h o l l o w a l t h o u g h t h e n a t u r a l c r y s t a l a p p e a r e d t o b e a compact s o l i d 

c u b e . Head h a s found and d e s c r i b e d s i m i l a r v o i d s i n some o f t h e s a m p l e s 

u s e d i n t h i s w o r k . F r e q u e n t l y upon c o p p e r - p l a t i n g s p e c i m e n , h e a v y p l a n e s 

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

u n p l a t e d c r y s t a l showed no s u c h p l a n e s . 

Head h a s a l s o o b s e r v e d and d e s c r i b e d u n i f o r m s t r i a t i o n s and v e i n - l i k e 

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

p r e t e d by him t o be s l i p p l a n e s . Such s l i p p l a n e s a r e r e g i o n s of d i s t o r ­

t i o n and c o n s e q u e n t l y w i l l i n f l u e n c e c o n d u c t i v i t y m e a s u r e m e n t s . 

I n g e n e r a l t h e r e a r e many v a r i a b l e s t o b e t i e d down b e f o r e a n e x a c t 

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

g a l e n a c r y s t a l s . 

DSTiSCTOH ACTIOS 

G a l e n a , an i s w e l l known, p o s s e s s e s t h e a b i l i t y t o r e c t i f y s m a l l 

a l t e r n a t i n g c u r r e n t s . The v a r i o u s t h e o r i e s r e g a r d i n g t h i s phenomenon a r e 

n o t p e r t i n e n t t o t h e p r e s e n t p a p e r . However, i t m i g h t b e e x p e c t e d t h a t 

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

m e n t s w i t h d i r e c t e u r r e n t . Such was found t o b e t h e c a s e i n p r a c t i c a l l y 

a l l e x p e r i m e n t s w h e r e i n p o i n t c o n t a c t s w e r e u s e d t o s e n d t h e c u r r e n t 
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t h r o u g h t h e c r y s t a l s . F o r i n s t a n c e , s e e T a b l e s I I I , I T and 7 . The 

measu red p o t e n t i a l i s g e n e r a l l y d i f f e r e n t f o r o p p o s i t e d i r e c t i o n s o f the 

same c u r r e n t s t r e n g t h . 

But r e f e r e n c e t o T a b l e s V I , V I I , V I I I , I X , X , X I , show, t h a t when 

t h e c u r r e n t i s s u p p l i e d by c o p p e r - p l a t e d c o n t a c t s o f e q u a l a r e a , l i t t l e 

o r no d e t e c t o r a c t i o n i s n o t i c e a b l e . The c o n p e r - o l a t e d e n d s seem t o 

a u t o m o t i c a l l y e l i m i n a t e any d i s c r e p a n c i e s i n r e s i s t a n c e m e a s u r e m e n t s 

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

v e r y c l o s e l y r e l a t e d t o t h e w e l l known p o i n t t o p l a n e e f f e c t * 

(1) The e f f e c t of s m a l l p r e s s u r e s on t h e c o n d u c t i v i t y of g a l e n a 

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

p r e s s u r e s employed no change i n t h e r e s i s t a n c e o f g a l e n a c a n b e d e t e c t e d 

s t d i f f e r e n t p r e s s u r e s . L i k e w i s e c o n d u c t i o n i n g a l e n a o b e y s Ohm*s l aw 

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

(£} G a l e n a was found t o p o s s e s s a h i g h t h e r m o - e l e c t r i c f o r c e 

a g a i n s t c o p p e r . 

(3) The l o c a t i o n o f c o n t a c t s on g a l e n a c r y s t a l s h a s been found t o b e 

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

p o t e n t i o m e t e r measuremen t s • 

(4) Some e v i d e n c e t h a t i r r e v e r s i b l e c h a n g e s t a k e p l a c e i n g a l e n a 

c r y s t a l s upon e i t h e r h e a t i n g and c c o l i n g o r c o o l i n g and h e a t i n g i s shown 

by r e s i s t a n c e m e a s u r e m e n t s made a t v a r i o u s t e m p e r a t u r e s * 

(5) R e s i s t a n c e m e a s u r e m e n t s h a v e b e e n found t o b e t h e s a n e f o r e i t h e r 

d i r e c t i o n of c u r r e n t f l ow when c o p p e r - p l a t e d c u r r e n t c o n t a c t s o f e q u a l a r e a 

a r e u s e d . 

(6) P o s a i b l e c a u s e s of t h e many v a r i a t i o n s i n t h e c o n d u c t i v i t i e s o f 



o f n a t u r a l mpXmm* 1 I ..] a a r a b e e n b r i e f l y d i s c u s s e d . 
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