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C o lo u r i s  th e  m ost s t r i k i n g  p r o p e r ty  o f  m in e r a l s 5 i t  
c o n t r i b u t e s  g r e a t l y  to  th e  v a lu e  o f  gems and a l s o  p ro v id e s  and a id s  in  
m in e ra l  i d e n t i f i c a t i o n ,  U hat i s  th e  c o lo u r  and how d o es  i t  o r i g i n a t e ?

C o lo u r i s  อ. r e s p o n s e  o f  th e  eye to  th e  e le c t r o m a g n e t ic  r a d i a t i o n .  
The human oye re s p o n d s  to  a l im i t e d  ra n g e  o f  w a v e le n g th s , w i th in  th e  
e le c t r o m a g n e t ic  sp e c tru m  from  a b o u t 3500 to  7500 A ngstrom . Uhen 
a l l  โw av elen g th s in  th e  v i s i b l e  sp e c tru m  a rc  p r e s e n t ,  th e  eye p e r c e iv e s  
w h ite  l i g h t 5 i f  some w a v e le n g th s  a rc  rem oved, o r  when o n ly  c e r t a i n  
w a v e le n g th s  a r e  p r e s e n t ,  th e  eye d e t e c t s  a  c o lo u r .  F o r i n s t a n c e ,  i f  th e  
b lu e  w a v e le n g th s  a re  rem oved , th e  eye w i l l  se e  th e  re m a in d e r  a s  
y e llo w  l i g h t .  T hus, a l l  c o lo u r s  come from  th e  d i f f e r e n t i a l )  a b s o rp l  i o n  anti 
t r a n s m is s io n  o f  l i g h t  a c c o rd in g  to  th e  w a v e le n g th . Uhen w h ite  l i g h t ,  
c o n ta in in g  a l l  w a v e le n g th s , s h in e s  on a  m in e r a l ,  some w a v e le n g th s  a rc  
t r a n s m i t t e d ,  g iv in g  th e  0 0s o lv e d  c o lo u r ,  w h ile  th e  cornu 1 o m en ta ry  
w a v e le n g th s  a re  a b s o rb e d  by th e  m in e r a l .  T h e r e f o r e ,  to  u n d e rs ta n d  
th e . o r i g i n  c f  a  n i n c r a l  ร c o lo u r  i s  to  do te rm in ' .what in  th 'a  m in e ra l  
c a u s e s  a b s o r p t io n  o f  c e r t a i n  w a v e le n g th s  o f  l i g h t .

The s e l e c t i v e  a b s o r p t io n  o f  l i g h t  d ep en d s on t r a n s i t i o n  e n e rg y , 
w hich  v a r i e s  i n v e r s e l y  w ith  th e  w av e le n g th  and d i r e c t l y  w ith  th e  f r e q u e n c y

E = h . y  -  hc_ = h e น
, >

U hcre E i s  e n e rg y , h i s  p la n c k * ร c o n s t a n t ,  c i s  th e  sp eed  
o f  l i g h t ,  V  ife th e  f r e q u e n c y , i s  th e  w a v e le n g th , and y  i s  th e
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w avenum ber. The w avenum ber, th e  r e c i p r o c a l  o f  th e  w av e le n g th  c r  th e  
num ber o f  w a v e le n g th s  p e r  u n i t  l e n g th ,  i s  a  u s e f u l  q u a n t i t y  b ec a u se  
i t ,  a s  th e  f r c o u e n c y , i s  d i r e c t l y  p r o p o r t io n a l  to  e n e rg y . A ll  
e n e r g ie s  s h a l l  be e x p re s s e d  in  w avenum bers (cm ^) and a l l  w a v e le n g th s  
in  n an o m e te rs  (nm) o r  b i l l i o n t h s  o f  a m e te r .

E l e c t r o n i c  p r o c e s s e s  in  m in e r a ls  w ith  e n e r g ie s  c o r re s p o n d in g  
to  w a v e le n g th s  o f  v i s i b l e  l i g h t  f a i l  in to  f o u r  b ro ad  c a t e g o r i e s .
By f a r  th e  m ost im p o r ta n t  s o u rc e s  o f  c o lo u r s  in  m in e r a ls  a,re th e  
t r a n s i t i o n  e le m e n ts ,  w hich g iv e  r i s e  to  v a r io u s  c r y s t a l  f i e l d  and 
c h a rg e  t r a n s f e r  t r a n s i t i o n s .

C r y s ta l  f i e l d  t r a n s i t i o n s

C r y s t a l  f i e l d  t r a n s i t i o n s  a r e  e l e c t r o n i c  t r a n s i t i o n s  
betw een  th e  p a r t i a l l y  f i l l e d ,  n o n d e g e n e ra te  d o r b i t a l s  (o r  l e s s  
commonly, ^ - o r b i t a l s )  o f  t r a n s i t i o n  e le m e n ts  in  a  c h e m ic a lly  
c o o rd in a te d  e n v iro n m e n t. They e x p la in  th e  o r i g i n  o f  c o lo u r  i n  m in e ra ls

d io p t a s c ,  CUgSigO^g.16 แ 2 อ ) and m in era ls  which have t r a n s i t io n  
m etal im p u r it ie s  ( e .g .  rub y, Cr^+ in  A-lgO^i c i t r i n e ,  Fe^+ in' S iO ^)i

C ry sta l f i e l d  t r a n s i t io n s  are most common in  m in era ls  
c o n ta in in g  th e f i r s t - r o w  t r a n s i t io n  e le m e n ts 5 T i, ไ/', Cr, Mn, Ee,
Co, Ni and Cu. However, the second and th ird -ro w  t r a n s i t io n  
e lem en ts and p a r t ic u la r ly  th e la n th a n id e  or ra re  ea r th  e lem en ts  
a ls o  o c c a s io n a l ly  im part c o lo u r  to  m in e r a ls . The f i r s t - r o w  t r a n s i t io n  
e lem en ts are the f i r s t  ones to  have e le c tr o n s  in  d o r b i t a l s .
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The I s ,  2 s ,  2p , 3ร «'’'ทcl. 4s o r b i te , If! e re  p r o g r e s s iv e ly  f i l l e d  from  IT 
th ro u g h  Ca, and  o n ly  s t a r t i n g  w ith  Sc th e  3d o r b i t a l s  become o c c u p ie d , 
r e a c h in g  t h e i r  f u l l  com plem ent o f  te n  e l e c t r o n s  w ith  Zn. The s p a t i a l  
d i s t r i b u t i o n  o f  e le c t r o n  d e n s i t y  makes d o r b i t a l  so  s p e c i a l !  ^

As shown in  f i g u r e  3 .1 ,  th e  f i v e  d o r b i t a l s  f a l l  in to  two c a t e g o r i e s ,  
b a sed  on t h e i r  o r i e n t a t i o n  r e l a t i v e  to  a  C a r te s ia n  c o o rd in a te  sy s tem .

F ig u re  3.1-, P lo t s  o f  d o r b i t a l s  show th e  r e g io n s  in  sp ace
w here e l e c t r o n s  i n  each  o r b i t a l  nay  be found  w ith  90 g p r o b a b i l i t y ( 2 0 )
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Two o f  th e  c  o r b i t a l s  have p r o b a b i l i t y  lo b e s  p r o j e c t i n g  a lo n g  th e
C a r te s ia n  a x e s  ( term ed  th e  e s e t ) ,  w h ile  th e  o th e r  t h r e e  o r b i t a l sร
have lo b e s  p o i n t i n g  b e tw een  th e  a x e s  ( te rm ed  th e  t_  s e t ) ,\ 2 g

In  th e  i s o l a t e d  atom o r  f r e e  io n ,  th e  f i v e  d o r b i t a l s  a re  
d e g e n e r a te ,  h a v in g  th e  same e n e rg y . H owever, when a  t r a n s i t i o n  m e ta l 
io n  i s  p la c e d  in  a  c o o r d in a t io n  s i t e  in  a  m in e r a l ,  i t  i s  no lo n g e r  
su rro u n d e d  by a  s p h e r i c a l l y  sym m etric  c h a rg e  d i s t r i b u t i o n ,  r a t h e r  
i t  h as  n e a r e s t - n e ig h b o u r  a n io n s  w hich  l o c a l i s e d  n e g a t iv e  c h a rg e s  
( e .g ;  C r^+ in  AlpO^ w hich C r^ f r e p la c e d  A l^+ in  n o rm al c a t i o n  s i t e s ) .  
In  a  t y p i c a l  s i x - c o o r d in a t i o n  o c ta h e d r a l  s i t e ,  th e  a d ja c e n t  a n io n s  
i n  m in e ra l  such  a s  oxygen in  AlpO^, may be re g a rd e d  a s  d e f in i n g  
th e  a p ic e s  o f  an o c ta h e d ro n , C a r t e s ia n  c o o rd in a te  sy s te m , i s  shown 
in  f i g u r e  3o2o

F i g , 3»2 The c o o r d in a te  sy stem  d e f in e d  by th e  s i x  oxygens
, (2 ว)o f  o c ta h e d r a l  c o o r d in a t io n  s i t e  in  a  m in e ra l
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The e d o r b i t a l s  w hich have lo b e s  p o i n t i n g  a lo n g  th e
m e ta l-a n io n  cases a rc  in c r e a s e d  in  e n e rg y  r e l a t i v e  to  th e  t  d o r b i t a l s2g
w hich -poin t b etw een  th e  a x e s ,  In  th e  s im p le s t  v ie w , t h i s  r e s u l t s  from
th e  e l e c t r o s t a t i c  o r  c o u lo n b ic  r e p u l s i o n  b etw een  l i k e  c h a rg e s .
E le c t r o n s  in ' th e  e o r b i t a l s  p o in t in g  tow ard  n e g a t i v e l y  ch a rg e d  a n io n3
s u f f e r  more r e p u l s i o n  and hence have h ig h e r  e n e rg y  th a n  e l e c t r o n s  in
t_  o r b i t a l s  f a r t h e r  cYway from  th e  c o o r d in a t in g  a n io n s .2g

T hus, i n  an  o c ta h e d r a l  f i e l d ,  th e r e  i s  a  s p l i t t i n g  in  e n e rg y
V

o f  th e  d o r b i t a l s ,  a s  shown in  f i g u r e  3 «3»

d 2 2 0X - y  d z 2

0

dxy 'Vz ^xz 2g

P ig . 3 .3  The energy  s e p a r a t io n , or c r y s t a l  f i e l d  s p l i t t i n g ^ , q )

o f  th e  d o r b i t a l s  o f  a  t r a n s i t i o n  m e ta l io n  lo c a te d (2

S in ce  th e  d o r b i t a l s  a r e  no lo n g e r  d e g e n e r a te ,  e l e c t r o n s  may bo e x c i te d  
b etw een  th e  t  and c e n e rg y  l e v e l s .  Such t r a n s i t i o n s  r e f e r r e d  to

c“ร ร
c r y s t a l  f i e l d  o r  d -d  t r a n s i t i o n s ,  o f t e n  h a v in g  e n e r g ie s  c o r re s p o n d in g  
to  w a v e le n g th s  o f  v i s i b l e  l i g h t  and may th u s  c a u se  a b s o r p t io n  in  th e  
v i s i b l e .  ‘These e l e c t r o n i c  t r a n s i t i o n  can  n o t  o c c u r i f  th e  c a t io n  
h a s  no d e l e c t r o n s  o r  i f  th e  d o r b i t a l s  a re  c o m p le te ly  f i l l e d ,
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c r y s t a l  f i e l d  ' t r a n s i t i o n s  *do n o t  o c c u r  'in■ 'Pc3+ o r ’ l l 44" (w hich have 
no d e l e c t r o n s )  o r  in  Zn2+ o r  C u*: (w hich  have te n  d e l e c t r o n s ) .
C r y s ta l  f i e l d  t r a n s i t i o n s  a re  o b se rv e d  o n ly  in  th o s e  c a t i o n s  o f  T i 
th ro u g h  Cu in  th e  f i r s t  t r a n s i t i o n  s e r i e s ,  p a r t i a l l y  f i l l e d  d o r b i t a l s .

In  th e  c r y s t a l  f i e l d  m odel, th e  a n io n s  a r e  a p p ro x im a te d  by 
p o in t  c h a rg e s  o r  d ip o lo s ,  th e  v a lu e  o f  c r y s t a l  f i e l d  s p l i t t i n g  en e rg y  
f o r  a  p a r t i c u l a r  compound d ep e n d in g  on m ag n itu d e  o f  b o th  c h a rg e s ,  
i t  i s  p o s s ib l e  to  p la c e  l ig a n d s  in  o rd e r  o f  i n c r e a s i n g  e f f e c t i v e  
c h a rg e  and i n c r e a s i n g  c r y s t a l  f i e l d  s p l i t t i n g .  F u r th e rm o re , t h i s  o rd e r  
sh o u ld  be th e  same f o r  a l l  m e ta l s .  Such an o r d e r  o f  l ig a n d s  c a l l e d  th e  
s p e c tro c h e m ic a l  s e r i e s  was d is c o v e re d  by T s c h i d a ^ ^
In  a b b re v ia te d  s p e c tro c h e m ic a l  s e r i e s ,  in  o rd e r  o f  i n c r e a s i n g  c r y s t a l  
f i e l d  s p l i t t i n g  , i s

< S C lf (ร™bonded) < F" < OH" .^HgO < SC.N” (îï-bonded) <̂ JH3 = ry  <S02?  
dipy <  NO” (N-bonded) <Cll7

A s i m i l a r  s e r i e s  e x i s t e d  f o r  th e  v a r i a t i o n  w ith  m e ta l -ion i s

Mn2+O l i 2 + <C o2 + < F e 2 + < v 2+ <Fe3+ < C r3+ ( v 3+ <Co3+ <Cmท4 '1' ( l? h 3+ ‘ร;'Fd4+<  
I r 3+< P t 4t

In  m in e r a ls  m ost m e ta l s i t e s  a r e  h ig h ly  d i s t o r t e d  and have 
c o n s id e r a b ly  lo w er sym m etry th a n  p e r f e c t  o c ta h c d ra  o r  t o t r a h e d r a .
The e f f e c t  o f  such  s i t e  d i s t o r t i o n  i s  to  s p l i t  f u r t h e r  th e  d o r b i t a l  
e n e rg y  l e v e l s ,  f o r  th e  same re a s o n s  t h a t  c au se  th e  i n i t i a l  s e p a r a t io n s  
o f  d o r b i t a l s  in  an i d e a l  o c ta h e d ro n . S in ce  d o r b i t a l s  have a  f ix e d  
g eo m e try , th e  e x a c t  -arrangem ent o f  th e  a n io n s  d e te rm in e s  w hich



o r b i t a l s  w i l l  s u f f e r  th e  g r e a t e s t  d e g re e  o f  oouiom bic r e p u l s i o n .
Thus, the geom etry o f  th e m etal c o o r d in a tio n  s i t e  d eterm in es the  
order and se p a r a t io n  o f  d o r b ita '  en ergy  l e v e l s .  They may he s p l i t  
in to  as few as two or as many cas f i v e  se p a r a t io n  energy l e v e l s 5 

the g r e a te r  th e number o f  energy l e v e l s ,  th e g r e a te r  th e number o f  
p o s s ib le  e le c t r o n ic  t r a n s i t io n  betw een them.

A second  c o m p l ic a t io n  i s  t h a t  many m in e r a ls  have s e v e r a l  
c o o r d in a t io n  s i t e s  w ith  d i f f e r e n t  g e o m e tr ie s ,  th e  e n e rg y  l e v e l s  o f  
th e  t r a n s i t i o n  m e ta l* ร d o r b i t a l s  in  th e s e  m in e r a ls  w i l l  be d i f f e r e n t  
i n  ea.ch s i t e ,  d ep e n d in g  on th e  s i t e  g eo m e try .

To i l l u s t r a t e  some o f  th o s e  p o i n t s ,  l e t  u s  c o n s id e r  th e  
m in e ra l  p e r i d o t ,  w hich  i s  a  gem v a r i e t y  o f  o l i v in e  (P e jM g ^ o iO ^ .
The c r y s t a l  s t r u c t u r e  o f  o l i v in e  c o n s i s t s  .o f in d e p e n d e n t o io ,  
t e t r a h e d r a  l in k e d  by d i v a l e n t  c a t i o n  in  s i x - f o l d  c o o r d in a t io n  w ith  
oxygen . T hese a re  two s i t e s  h a v in g  d i f f e r e n t  g e o m e tr ie s ,  d e s ig n a te d  
Ml end M2, w hich  c o n ta in  F e? + The c c n tro sy m m e tr ic  Ml s i t e  can  
be a p p ro x im a te d  by a  t e t r a g o n a l l y  d i s t o r t e d  o c ta h e d ro n  (w ith  D sym m etry) 
th e  îfè n o n cc rrtro sy m m ctric  s i t e  can  be c lo s e d  ap p ro x im a te d  by a  
t r i g o n a l l y  d i s t o r t e d  o c ta h e d ro n  (w ith  sy m m etry ). The e n e rg y  
l e v e l s  f o r  th e  d o r b i t a l s  o f  Fe""+ in  s i x - f o l d  c o o r d in a t io n  n o ly h e d ra  
w ith  th e s e  s y m m e t r i e s a r c  shown in  F ig u re  3o0j  s in c e  F e^+ h as  
s i x  d e l e c t r o n s ,  each  o f  th e  f i v e  d o r b i t a l s  i s  o c c u p ie d  by one 
e l e c t r o n ,  w ith  th e  e l e c t r o n  e n t e r i n g  th e  lo w e s t  e n e rg y  o r b i t a l .

f 32
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The o r b i t a l s  th u s  c o n ta in  o n ly  one s e t  o f  u a i r e d  e l e c t r o n s  and 
f o u r  u n p a ir e d  e l e c t r o n s 9 i n  a c c o rd a n c e  w ith  Hund’ ร r u l e  w hich  s t a t e s  
t h a t  e l e c t r o n  w i l l  a v o id  p a i r i n g  cu lo n g  a s  th e r e  a rc  n e a r  b y , 
u n o ccu p ied  e n e rg y  l e v e l s 0

F ig u re  3cd E n ergy  l e v e l s  f o r  th e  d e l e c t r o n s  o f  F c^+ in  th e  
Ml(-»D^k sym m etry) and th e  M2(“ C^V sym m etry) s i t e s  in  p e r id o t  

(F o ^ /M g p S iO . ) show t h a t  th e  i n i t i a l  s e p a r a t i o n  o f  d o r b i t a l s  
i n  an  o c ta h e d r a l  f i e l d  (/V'l i s  f u r t h e r  r e s o lv e d  due to  th e  low er 
sym m etry o f  th e  Ml and M2 s i t e s .  t e r  :'น,:ท.' .1,7" '
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I f  one s h in e s  m onochrom atized  l i g h t  on p e r id o t  and m easu res  
th e  d e g re e  o f  l i g h t  a b s o r p t io n  a s  a  f u n c t io n  o f  w a v e le n g th , c o rre sp o n d e d  
e x a c t ly  to  th e  a b s o r p t io n  e n e rg y  d i f f e r e n c e s  b e tw een  th e  n o n d e g e n e ra te  
<? o r b i t a l  l e v e l  o f  F e^+ in  p e r i d o t ,  T?ho c r y s t a l  f i e l d  t r a n s i t i o n s  
o f  Fe^+ in  p e r id o t  ta k e  p la c e  m o s tly  in  th e  i n f r a r e d  r e g io n ,  b u t  th e y  do 
e x te n d  i n to  th e  v i s i b l e  r a n g e .  Such a b s o r p t io n  o f  re d  l i g h t  i s  
r e s p o n s ib le  f o r  th e  y e l lo w - g r e e n ( t r a n s m i t te d )  c o lo u r ,  c h a r a c t e r i s t i c  o f  
p e r id o t  and o th e r  fe r ro ra a g n e s ia n  s i l i c a t e s  c o n ta in in g  o c t r a h e d r a l l y  
c o o rd in a te d  ? e t +

The c o lo u r  p ro d u ced  by a  g iv e n  t r a n s i t i o n  e le m e n t d ep end s on
i t s  o x id a t io n  s t a t e ,  F e^+ p ro d u c e s  a  c h a r a c t e r i s t i c  g re e n  c o lo u r  in
s i x - f o l d  c o o r d in a t io n  s i t e s  in  m in e r a l s ,  rihat i s  a b o u t F c^+?
C o n s id e r  th e  m in e ra l  c h ry s o b c ry l ,A 1 9]3eC. ,  w hich  f r e q u e n t ly  c o n ta in s

3+ . . 3+ 3+ . 'some Fe s u b s t i t u t i n g  f o r  A1 , Fe in  c h r y s o b e ry l  a b s o rb s  w eak ly  in  
th e  v i o l e t  and b lu e  r e g io n  o f  th e  sp e c tru m , g iv in g  th e  c h a r a c t e r i s t i c  
p a le  y e l lo w  c o lo u r  o f  F e^+ b e a r in g  c h r y s o b e r y l s ,  C h ry so b c ry l h as 
th e  c r y s t a l  s t r u c t u r e  o f  o l i v in e  ( M g , F e ) p S i O a s  one m ig h t ex p ec t, 
from  i t s  fo rm ula ;, so t h a t  th e  A1 s i t e s  o cc u p ie d  by Fo^+ in  c h r y s o b c ry l  
have th e  same g eo m e try , a l th o u g h  some w hat s m a l le r  d im e n s io n s , a s  
th e  Mg s i t e s  t h a t  F e^’1" o c c u p ie s  i n  p e r i d o t .

T h e r e f o r e ,  d i f f e r e n c e s  in  a b s o r p t io n  s p e c t r a  ( i n  th e  same 
p o l a r i z a t i o n )  b e tw een  p e r id o t  and F e^ + b e a r in g  c h r y s o b e r y l ,  m ust 
be a t t r i b u t e d  to  in h e r e n t  d i f f e r e n c e s  in  th e  e l e c t r o n i c  s t r u c t u r e s  o f  
F c^+ and F e^+ and n o t  to  e n v iro n m e n ta l  f a c t o r s .
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C r y s t a l  f i e l d  t r a n s i t i o n s  in  F e^+ o cc u r a t  h ig h e r  e n e rg y  and 
m ust he w eack er th a n  th e  d -d  t r a n s i t i o n s  in  F e?+ In  Fe^+ th e r e  a re  f i v e  
u n p a ir e d  d e l e c t r o n s ,  one in  each  o f  th e  f i v e  d o r b i t a l s .  T h e r e f o r e ,  
any c r y s t a l  f i e l d  t r a n s i t i o n  in  F eJ+ m ust r e s u l t  in  th e  p a i r i n g  o f  a t  
l e a s t  two e l e c t r o n s  in  one o r b i t a l ,  w hich re d u c e s  th e  num ber o f  u n p a ire d  
e l e c t r o n s  from  f i v e  to  t h r e e .

g round  s t a t e  e x c i te d  s t a t e
F ig ,  3 , 5  E le c t r o n s  i n  d o r b i t a l s  o f  F e^+ b e a r in g  c h r y s o b e ry l

T r a n s i t i o n s  w hich  change th e  num ber o f  u n p a ir e d  e l e c t r o n s ,  
and th e  t o t a l  s p in  o f  th e  c a t i o n i c  e l e c t r o n ,  a re  " s p in - f o r b id d e n "  
and a rc  n o t  a llo w e d  by ouantum  m e c h a n ic s . They a re  o b se rv e d  w ith  a  
n o n v a n is h in g  i n t e n s i t y  due to  s p i n - o r b i t  c o u p lin g ,  b u t  th e y  a re  much 
w eaker and u s u a l l y  o c c u r a t  h ig h e r  e n e rg y  th a n  n orm al " s p in - a l lo w e d "  
d -d  t r a n s i t i o n s .  The e l e c t r o n i c  t r a n s i t i o n s  i n  F e |+ t h e r e f o r e ,  
c o n t r a s t  w ith  th o s e  o b se rv e d  in  F e^+ in  p e r id o t  w hich  a r e  s p in - a l lo w e d .  
C r y s t a l  f i e l d  t r a n s i t i o n  in  F c^+ e x c i te s  th e  s i x t h  d e l e c t r o n  -from a t - S
to  an e o r b i t a l ,  t h e y  m a in ta in  th e  num ber o f  u n p a ir e d  e l e c t r o n s  by &
f o u r  and hence le a v e  th e  t o t a l  s p in  o f  th e  io n  unchangedo 1

1 1 7 3 9 2 9 3 ?
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P ig  3-6
(ground s t a t e

E le c t r o n s  d - o r b i t a l s  o f  F e2+
e x c i te d  s t a t e  
in  p e r id o t

The e f f e c t  o f  c h a n g in g  th e  c o o r d in a t io n  num ber ox th e  c a t io n
in  th e  c o lo u r  im p a r te d  to  a  m in e ra l  i s  a ls o  d e s c r ib e d ,  f o r  exam p le , 

2+th e  Fe io n  w hich  o c c u p ie s  s i x —c o o r d in a te  s i t e s  i l l  p e r id o t  i s
su rro u n d e d  by e ig h t  oxygon a to m s , a s  i n  g a r n e t ,

The c r y s t a l  s t r u c t u r e  o f  g a r n e t  c o n s i s t s  o f  an in d e p e n d e n t SiO , 
t e t r a h e d r a  l i n - o d  by t r i v a l e n t  io n s  in  o c ta h e d r a l  c o o r d in a t io n  and 
d i v a l e n t  io n s  in  e i g h t - f o l d  c o o r d in a t io n .  The g e n e r a l  fo rm u la  f o r  
g a r n e t  i s  แ2+แ9+ ( ร 1 0 ^ ) - 9 w here M^4 i s  A l^+ and M2+ a r e  IJg2+ and F e t +
Ho a re  now d e a l in g  w ith  th e  g a r n e t  c o m p o s i t io n a l  endm em bers, p yrob o  and 
a lm a n d in e . The s p in -a l lo w e d  c r y s t a l  f i e l d  b an d s o f  F e2+ in  a lm an d in o  
o c c u r a t  low er e n e r g ie s  th a n  th o s e  o f  F e ^  in  p e r i d o t ,  a s  one would 
e x p e c t  from  th e  l a r g e r  mean m e ta l oxygen d i s t a n c e  o f  th e  e i g h t - f o l d  
c o o r d in a t io n  s i t e  in  g a r n e t .  The oxygens o f  th e  e i g h t - f o l d  c o o r d in a t io n  
s i t e s  a rc  f a r t h e r  away from  th e  c e n t r a l  Fg2+ io n ,  and hence  i t s  d e l e c t r o n s  
e x p e r ie n c o  a  "w eak er"  c r y s t a l  f i e l d .  C r y s t a l  f i e l d  s p l i t t i n g  a re  t h e r e f o r e  
d im in is h e d , r e s u l t i n g  in  r e d u c t io n  o f  e n e r g ie s  o f  th e  d -d  t r a n s i t i o n s .
T hus, s p in -a l lo w e d  t r a n s i t i o n s  in  F e2+ in  a lm an d in e  o c c u r e n t i r e l y  
o u t s id e  o f  th e  v i s i b l e ,  p ro d u c in g  a  s t r o n g  re d  t r a n s m is s io n s  w h ereas

a b so rb  in  th e  r e d .  T h is  t r a n s m is s io nth o s e  same t r a n s i t i o n s  i n  p e r i d o t
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o f  w eaker s p in - f o r b id d e n  t r a n s i t i o n s  o f  T o -+ in  a lran n d in o (w h ich  ab so rb e d  
in  th e  b lu e ,  g re e n ,  and y e l lo w )  p ro du ce  th e  o b se rv e d  re d  c o lo u r  o f  
ทlraand ine  pyre Pe g a r n e t s .

O th er f a c t o r s  c o n t r i b u t i n g  to  th e  c o lo u r s  o f  t r a n s i t i o n  
m e ta l - b e a r in g  m in e r a ls  a re  i l l u s t r a t e d  by th o s e  c o n ta in in g  C r^ ' su ch  a s  
ru b y  and e m e r a l d R u b y  i s  O r^+- b e a r in g  corundum (A lo0 ^ ) 5 em era ld  i s  
C r^+ b e a r in g  b e r y l  (Bo A l^S i^O ^g)a In  b o th  m in e r a l s ,  C r^+ r e p l a c e s  A l^+ 
in  d i s t o r t e d  s i x - c o o r d in a to  s i t e s  w ith  a  mean m etal-oxygen-: d i s t a n c e  o f  
1 .9 1  A? The a c c o u n ts  f o r  th e  s t r i k i n g  d i f f e r e n c e  in  th e  c o lo u r s  o f  th o s e  
two gem s, c o n ta in in g  th e  same t r a n s i t i o n  m e ta l io n  in  s i t e s  o f  com parab le  
g eo m e try , a rc  t h e i r  d i f f e r e n t  b o n d in g  c h a r a c t e r s . B e ry l  i s  A r i n g  s i l i c a t e  
m in e ra l  and th e  oxygen o f  th e  AlOg c o o r d in a t io n  s i t e s  b e lo n g  a l s o  to  
S iO . o r  BeO. 'ว t r a h e d r a .  Corundum i s  an  o x id e  m in e r a l ,  c o n s i s t i n g  o f  
h e x a g o n a l ly  c lo s e -p a c k e d  l a y e r s  o f  oxygen io n  w ith  A l^+ o ccu p y in g  
tw o - th i r d s  o f  th e  i n t o r s t i c o s  b etw een  l a y e r s , I n  b e r y l , t h e  o x y g e n -c a tio n  
b o n d in g  h as  some c o v a le n t  c h a r a c t e r  w ith  e l e c t r o n  d e l o c a l i z a t i o n  o v e r 
th e  s i l i c o n  and b e r y l l iu m  fram ew orks in  corundum  th e  b o n d in g  i s  more i o n i c ,  
w ith  in c r e a s e d  n e g a t i v e l y  c h a rg e d  e l e c t r o n  d e n s i t y  i s o l a t e d  on th e  
o x ygons. The Cr^+ in  b e r y l  e x p e r ie n c e s  a w eaker c r y s t a l  f i e l d ,  s in c e  
th e r e  i s  l e s s  n e g a t iv e  c h a rg e  l o c a l i z e d  on th e  n e ig h b o r in g  oxygons th a n  
in  corundum , 30 t h a t  a  s m a l le r  c r y s t a l  f i e l d  s p l i t t i n g  o f  th e  d o r b i t a l s  
o c c u r s .  T h is  d i f f e r e n c e  i s  tile  a b s o r p t io n  s p e c t r a  o f  th e  two g e n s .
In  ru b y , a b s o r p t io n  in  th e  v i o l e t ,  in  th e  g re e n ,  and y e llo w  r e s u l t s  
i n  a t r a n s m is s io n  in  th e  b lu e .  In  a d d i t i o n ,  t h e r e  i s  a  s t r o n g  
t r a n s m is s io n  in  th e  o rang e  and ro d ,  g iv in g  th e  i n t e n s e  v i o l e t - r e d  to  
o ra n g e —re d  c o lo u r  o f  ru b y . In  e m e ra ld , th e  t r a n s i t i o n s  a r c  s h i f t e d  to

■ '•f.r'ใ
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th e  lo w er e n e rg y ,  r e s u l t i n g  i n  a b s o r p t io n  o f  th e - v i o l e t  and "blue and o f  
th e  y e l lo w , o ran g e  and redo  T M s g iv e s  t r a n s m is s io n  i n  th e  g re e n  and 
hence th e  c h a r a c t e r i s t i c  c o lo u r  of e m e ra ld 0 The ro d  c o lo u r  o f  ru b y  i s  
i n t e n s i f i e d  Tiy a  c h a r a c t e r i s t i c  f l  core sco n ce  i n  th e  redo  T hus, ru b y  
n o t  o n ly  a b s o rb s  a l l  w a v e le n g th s  su ch  t h a t  re d  i s  t r a n s m i t t e d ,  b u t  i t  
a l s o  e m its  r e d  l i g h t  by f l u o r e s c e n c e .

In  summary, th e  e x a c t  c o lo u r  p ro d u ce  by c r y s t a l  f i e l d  
t r a n s i t i o n s  in  a  m in e ra l  d ep en d s on many f a c t o r s .  The f i r s t  o f  th e s e  i s  
th e  i d e n t i t y  o f  th e  t r a n s i t i o n  m e ta l .  The se c o n d , i t s  o x id a t io n  s t a t e  
d e te rm in e s  th e  num ber o f  d e le c t r o n s  p r e s e n t ,  a  f a c t o r  im p o r ta n t  in  
d e te rm in in g  th e  i n t e n s i t y  o f  c r y s t a l  f i e l d  t r a n s i t i o n  th ro u g h  th e  
s p i n - m u l t i n l i c i t y  s e l e c t i o n  r u l e .  The t h i r d ,  "he g eo m etry  o f  th e  
c o o r d in a t io n  s i t e  o cc u p ie d  by th e  m e ta l c o n t r o l s  th e  s p l i t t i n g s  o f  th e  
d o r b i t a l s  and lienee th e  p o s s ib l e  c r y s t a l  f i e l d  t r a n s i t i o n  e n e r g ie s  0 
I t  a l s o  c o n t r o l s  th e  d e g re e  to  w hich  th e  L a p o rte  s e l e c t i o n  r u l e  
f o r b id d in g  a l l  d -d  t r a n s i t i o n s  w i l l  be r e la x e d  and h ence in f lu e n c e d  th e  
t r a n s i t i o n  i n t e n s i t y .  The f o u r t h ,  th e  s t r e n g t h  o f  th e  c r y s t a l  f i e l d ,  
w hich  d ep end s on th e  mean—m e ta l-o x y g e n  d is t a n c e  and on th e  d e g re e  o f  
n e g a t iv e  c h a rg e  i s o l a t e d  on th e  c o o r d in a t in g  oxygens (c o n trô lé e !  by th e  
b o n d in g  b e h a v io r  o f  th e  m in e r a l)  d e te rm in e s  th e  m ag n itud e  o f  th e  e n e rg y  
s p l i t t i n g s  o f  th e  d o r b i t a l s  and hence th e  e n e r g ie s  o f  th e  c r y s t a l  f i e l d
t r a n s i t i o n s .
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Molo c u l a r  o r b i t a l  t r a n s i t i o n s

C ro c o itc »  F bC rO ., i s  an o ran g e  m in e ra l  h a v in g  d i s c r e t e  CrO^""H - , ‘r
t e t r a h e d r a  and P b ^ 1 io n s  O The ch rom ate  g ro u p s  c o n ta in  C r^+ w hich 
l i k e  Pb“+ h as  no d e l e c t r o n s .  S im i l a r l y ,  V an a d in a tc  Pbj-(VO, ) ^C1, i s  
an o rang e  m in e ra l  h a v in g  d i s c r e t e  VO*! t e t r a h e d r a ,  c o n ta in in g  V, an 
io n  w hich  a l s o  la c k s  d e l e c t r o n s .  T h e r e f o r e ,  th e  c o lo u r  o f  th o se  
m in e ra ls  c a n n o t ho duo to  c r y s t a l  f i e l d  t r a n s i t i o n s .  Sene e v id e n c e  
f o r  th e  c o v a le n c y  o f  m in e ra l  b o n d in g ,o .g . , th e  d i f f e r e n c e  in  th e  e n e rg y  
l e v e l s  o f  C r^+ in  ru b y  and OÎ n e r a ld  h a s  s e e n . T 'i th  e l e c t r o n  d e l o c a l i z a t i o n  
o v e r  a  c l u s t e r  o f  a to m s , a .l l  th e  e l e c t r o n s  o f  th e  b o n d in g  u n i t  o r  c l u s t e r  
m ust bo t r e a t e d  to g e th e r  u s in g  m o le c u la r  o r b i t a l  e n e rg y .

The m ost common m o le c u la r  o r b i t a l  t r a n s i t i o n s  in  m in e r a ls  f a l l  
u n d e r  th e  g e n e r a l  h e a d in g  o f  c h a rg e  t r a n s f e r ,  s in c e  th e y  may be v iew ed 
a s  th e  s h i f t  o f  e l e c t r o n  d e n s i t y  from  one a to m ic  c e n t e r  to  a n o th e r .
Two c l a s s e s  o f  such  t r a n s i t i o n  a re  re c o g n iz e d  ร l ig a n d  to  m e ta l and 
m e ta l to  m e ta l c h a rg e  t r a n s f e r .  In  a d d i t i o n ,  th e r e  a r c  some m in e r a ls  
whose c o lo u r s  o r i g i n a t e  from  m o le c u la r  o r b i t a l  t r a n s i t i o n s  w hich a rc  
n o t  c h a rg e  t r a n s f e r  t r a n s i t i o n s .

L igand—m o ta l c h a rg e  t r a n s f e r  ( oxygon to  m e ta l)

โท c r o c o i t e  and v r n a d i n i t e ,  th e  CrO^ and vo^ g ro u p s  a r c .  
i s o l a t e d  a s  d i s c r e t e  b o n d in g  u n i t s .  In  th o s e  c l u s t e r s ,  v a le n c e  e l e c t r o n s  
o f  tile  c o n s t i t u e n t  atom s a re  c o n t r ib u te d  to  s h a re  m o le c u la r  o r b i t  I s  
(m o ' s ) ,  w hich  a rc  d e l o c a l i z e d  o v e r  th e  e n t i r e  c l u s t e r .  D i s c r e t e ,  
a llo w e d  e n e rg y  l e v e l s  e x i s t e d  on th e s e  m o le c u la r  o r b i t a l s ,  and 
e l e c t r o n i c  t r a n s i t i o n s  can  ta k e  p la c e  b etw een  them . P a v e le n g th s  o f



l i g h t  c o r re s p o n d in g  to  a llo w e d  e n e rg y  d i f f e r e n c e s  w i l l '  be a b so rb e d  in  
th e  e x c i t i n g  e l e c t r o n s  from  lo w er to  h ig h e r  e n e rg y  l e v e l s .  M o le c u la r  
o r b i t a l  t r a n s i t i o n s  a re  re c o g n iz e d  a s  oxy g en -— o c t a l  c h a rg e  t r a n s f e r  
when th e  e l e c t r o n  i s  e x c i te d  from  ,n o r b i t a l  w ith  oxygen p c h a r a c t e r  
to  one o f  o c t a l  3d c h a r a c t e r .  "In c r-o co ito  end v x n o d x rr i te , rrxygen — o c ta l  
( อ----— C r ,+ 0 ? — -— ไ/04’ ) c h a rg e  t r a n s f e r  t r a n s i t i o n s  a rc  r e s p o n s ib le  
f o r  th e  s t r o n g  a b s o r p t io n  in  th e  v i o l e t 9 b lu e  and g re e n , g iv in g  t h e i r  
o b se rv e d  o rang e  to  o ra n g e - re d  c o lo u r s .

I lc l id o r c  i s  an  Pc ̂ - b e a r i n g  b e r y l  in  w hich  th e  F e^+ o c c u p ie s  
th e  san e  AlOg s i t e s  a s  d o es  C r^+ in  c n c ra ld o  The b o n d in g  u n i t  o f  
i n t e r e s t  h o l id o r e  can  be ap p ro x im a te d  by th e  o c ta h e d r a l  c l u s t e r ( F c ^ +0 g ) 
C r y s t a l  f i e l d  t r a n s i t i o n s  in  Pe^ + a rc  s p in  fo rb id d e n  and o c c u r  w ith  low 
i n t e n s i t y  in  th e  b lu e  r e g io n  o f  th e  spectrum ,. The M ajor c o lo u r -p ro d u c in g  
f e a t u r e  i s  th e  s t r o n g  a b s o r p t io n  in  th e  v i o l e t ,  g iv in g  th e  t r a n s m i t t e d  
y e l lo w -o ra n g e  c o lo u r .  T h is  c h a rg e  t r a n s f e r  t r a n s i t i o n ,  a b s o rb s  much more 
s t r o n g l y  th a n  th e  s p in  f o rb id d e n  c r y s t a l  f i e l d  t r a n s i t i o n  in  F o ^ '- b e a r in g  
m in e r a l s ,  f o r  ex am p le , c i t r i n e .

M eta l - n o ta i  charge- t r a .n r f o r

M e ta l-  o c t a l  (o r  i n t e r v a l e n c e )  c h a rg e  t r a n s f e r  in v o lv e s  th e  
t r a n s f e r  o f  an  e l e c t r o n  bo tw ••ท  t r a n s i t i o n  m e ta l io n s  o f  th e  v a r i a b l e  
o x id a t io n  s t a t e s  i n  a d ja c e n t  m e ta l s i t e s .  C o n s id e r a t io n  o f  e le m e n t 
ab u n dan ces and o x id a t io n  s t a t e s  r e v e a l s  t h a t  บิ1ว?.i —->Fo^+ and Pe -- - ■ะa T i /f+ 
a re  th e  m ost common c h a rg e  t r a n s f e r  t r a n s i t i o n s  in  m in e r a l s .  In  an 
Pc --------->Fe^+ c h a rg e  t r a n s f e r  t r a n s i t i o n ,  an e l e c t r o n  i s  t r a n s f e r r e d
from s i t e  A ( Fe.^+ ) to  FoJ+ in  -Ate B (P c^+) .in
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Fo2+ + Fc^+ ----------•> I + ph +-
E n e rg ie s  o f  t h i s  r e v e r s i b l e e le e t r o n - h o p p in g p ro c e s s c o rre sp o n d  to
พ.?.VO le n g th s  o f  v i s i b l e  l i g h t ,  and many m in e ra ls  owe t h e i r  in te n s e  b lu e  
c o lo u r .

The e n e rg y  o f  a g iv e n  ch a rg e  t r a n s f e r  t r a n s i t i o n  n o t  o n ly  dep ends 
on th e  typ o  o f  io n s  in v o lv e d  b u t  i t  a .lso  i n c r e a s e s  w ith  n c t a l - n c t a l  
d i s t a n c e .  The n c t a l - r a c t a l  d i s t a n c e  i n c r e a s e s ,  th e  p r o b a b i l i t y  o f  th e  
e l e c t r o n  t r a n s f e r  d e c r e a s e s .

C o lo u r c e n te r s

Some m in e r a ls  have c o lo u r  c e n t e r s ,  w hich a re  im p e r f e c t io n  in  
t r a n s p a r e n t  s o l i d s  ( s u b s t i t u t i o n .? !  i n p u r i t y  in n s ,  l a t t i c e s  v a c a n c i e s , e t c ) ,  
t h a t  can  " t r a p "  s in g le  e l e c t r o n .  T h is  e l e c t r o n  may u nderg o  e l e c t r o n i c  
t r a n s i t i o n  w inch a b s o rb s  in  v i s i b l e  l i g h t .  I f  s u f f i c i e n t  e n e rg y  i s  s u p p l ie d ,  
th e  e n e rg y  b a r r i e r  w hich t r a p s  th e  e le c t r o n  in  th e  c o lo u r  c e n te r  can  be 
e x c e e d e d . In  t h i s  c a s e ,  th e  e le c t r o n  r e t u r n s  to  i t s  o r i g i n a l  l o c a t i o n ,  
and th e  c o lo u r  c e n t e r  i s  d e s t r o y e d . The e l e c t r o n  nay be e x c i te d  b ack  to  
th e  c o lo u r  c e n te r  " t r a p "  by h ig h  e n e rg y  r a d i a t i o n ,  w hich  i s  why many 
c o lo u r  c e n t e r s  can  bo d e s tr o y e d  by h e a d in g  and r e c r e a te d  w ith  gamma o r  
X- i  r  r  ad i  a  ■t  i  0 ท.

F l u o r i t e ,  d u r in g  i t s  g ro w th , may d o v e lfp c  f l u o r i n e  l a t t i c e  
v a c a n c ie s  ( a d e f i c i e n t  num ber o f  p  i o n s ) 0 In  o r d e r  to  m a in ta in  ch a rg e  
b a la n c e ,  s i n g l e  e l e c t r o n  f i l l s  th e  f l u o r i n e  v a c a n c y , fo rm in g  a  ty p e  o f  
c o lo u r  c e n t e r .  These t ra p p e d  e l e c t r o n s  i n  f l u o r i t e  a b s o rb  w a v e le n g th s  o f  
v i s i b l e  l i g h t ,  such  t h a t  th e  t r a n s m i t t e d  c o lo u r  o f  th e  m in e ra l  i s  p u r p le .
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Band t r a n s i t i o n

O th e r c o lo u re d  m in e r a l s ,  f o r  in s ta n c e  r e a l g a r (/. Ie!) and s u lp h u r ,  
contem n n e i t h e r  c o lo u r  c e n t e r  n o r  t r a n s i t i o n  n o ta i  io n .  The o r i g i n s  o f 
t h e i r  c o lo u r s  nay  ๖0 e x p la in e d  "by th e  band th e o ry  o f  s o l i d s ,  w hich 
d e s c r ib e s  th e  b e h a v io r  o f  a l l  th e  e l e c t r o n s  in  a m in e r a l .  In  i t s  s im p le s t  
fo rm , band th e o ry  c o n s id e r s  th e  e n e rg y  l e v e l s  a v a i l a b l e  to  a  s i n g l e  e le c t r o n  
in  a s o l i d  a s  i t  moves in  th e  coulom b f i e l d  o f  th e  f ix e d  io n  c o r e s  and 
a l l  th e  o th e r  e l e c t r o n s .  B ecause th e r e  a rc  a b o u t 10‘'^ ’ atom s in  a t y p i c a l  
m in e r a l ,  th e  num ber o f  p o s s ib l e  e n e rg y  l e v e l s  a v a i l a b l e  to  th e  e l e c t r o n  
u n d e r c o n s i d e r a t i o n  i s  l a r g e .  In  f a c t ,  th e  d i s c r e t e  e n e rg y  l e v e l s  o f  
th e  c o n s t i t u e n t  atom s s p re a d  i n to  n e a r ly  c o n tin u o u s  ra n g e s  o f  a l lo w a b le  
e n e r g i e s .  E ach a to m ic  l e v e l  th u s  becom es w hat i s  c a l l e d  an e n e rg y  b an d .
The e l e c t r o n s  in  th e  m in e ra l  f i l l  th e  lo w e s t e n e rg y  l e v e l s  s u c c e s s i v e l y ,  
in  a c c o rd a n c e  w ith  th e  P a u l i  e x c lu s io n  p r i n c i p l e ,  w hich  d o cs  n o t  a llo w  
more th a n  one e l e c t r o n  to  occupy each  s t a t e .  TThon a l l  th e  e l e c t r o n s  
have b een  a c c o u n te d  f o r ,  th e  u p p erm o st e n e rg y  l e v e l  o ccu p ied , b y  any 
e l e c t r o n  i s  r e f e r r e d  to  a s  th e  f o r n i  l e v o l .

I f  th e  fe rm i l e v e l  o c c u rs  in  th e  m id d le  o f  a b an d , th e  e l e c t r o n s  
in  th e  band can  e a s i l y  move in  an  a p p l ie d  e l e c t r i c  f i e l d ,  and th e  m in e ra l  
i s  a m e ta l?  i f  th e  num ber o f  e l e c t r o n s  p r e s e n t  in  su ch  t h a t  th e  h ig h e s t  
o c c u p ie d  band i s  e x a c t ly  f i l l e d ,  th e  m in e ra l  i s  c i t h o r  a  s e m ic o n d u c to r  
o r  an i n s u l a t o r , d ep e n d in g  on th e  m ag n itu d e  o f  th e  e n e rg y  .gap(band gap) 
b e tw een  th e  f i l l e d  band and th e  n e x t  band o f  a l lo w a b le  e n e rg y  l e v e l s .
Many o f  th e  band g ao s  t h a t  o c c u r  in  m in e r a ls  c o r re s p o n d  in  e n e rg y  to  
w a v e le n g th s  o f  v i s i b l e  l i g h t ,  th o s e  w a v e le n g th s  lo w er in  e n e rg y  th a n
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th e  band g rp  a re  ab so rb e d  by th e  m in e r a l . ilnong th e  r e l a t i v e l y  s im p le  
m in e r a ls  whose e l e c t r o n i c  s t r u c t u r e d  have boon q u a l i t a t i v e l y  tr e a te d  
w i th in  th e  fram ew ork o f  band th e o ry  and w hich  owe t h e i r  c o lo u r s  to  
band gan t r a n s i t i o n  a re  p r o u s t i t o .  r e a l g a r ,  c in n a b a r (IIas), s u lp h u r ,  
g a le n a  ( P b s ) ,  b l u e ( c and B i m p u r i t i e s )  ■’.ทd y e llo w  ( IT in ro u r i ty )  diam on
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