
C h a p t e r  I I

THEORY

C r y s t a l  Sym m etry

A c r y s t a l  c o n s i s t s  o f  atom s a r r a n g e d  i n  a p a t t e r n  t h a t  
r e p e a t s  p e r i o d i c a l l y  in  t h r e e  d im e n s io n s .  The p a t t e r n  may 
c o n s i s t  o f  a s i n g l e  a tom , a g ro u p  o f  atom s o r  a m o le c u le .
The b a s i c  p a t t e r n  o f  a tom s ( t h e  u n i t  c e l l )  in  t h e  c r y s t a l  
a r e  i d e n t i c a l  and t h e y  h a v e  i d e n t i c a l  o r i e n t a t i o n s  in  s p a c e  80 

t h a t  an i d e a l  c r y s t a l ,  w h ich  i s  im a g in e d  t o  e x te n d  t o  i n f i n i t y  
i n  a l l  d i r e c t i o n s ,  lo o k s  e x a c t l y  th e  same when i t  i s  v ie w e d  
from  c o r r e s p o n d in g  p o i n t s  i n  d i f f e r e n t  u n i t  c e l l s .

In  d i v i d i n g  s p a c e  by t h r e e  s e t s  o f  p l a n e s ,  u n i t  c e l l s  
o f  v a r io u s  s h a p e s  ca n  b e  p r o d u c e d . For e x a m p le , i f  t h e  p la n e s  
i n  th e  t h r e e  s e t s  a r e  a l l  e q u a l l y  sp a c e d  and m u tu a lly  
p e r p e n d ic u la r  , t h e  u n i t  c e l l  i s  c u b i c .  O nly  s e v e n  d i f f e r e n t  
k in d s  o f  c e l l s  a r e  p r o d u c e d , t h e s e  c o r r e s p o n d  t o  th e  s e v e n  
c r y s t a l  s y s t e m s .  B r a v a is  d e m o n s tr a te d  t h a t  t h e r e  a r e  o n ly  
f o u r t e e n  p o in t  l a t t i c e s  ( c a l l e d  B r a v a is  l a t t i c e s  ) by th e  
a r r a n g e m e n ts  o f  a tom s in  v a r io u s  p o s i t i o n s  in  th e  u n i t  c e l l .
In  T a b le  1 , t h e  sym b ol P ( R u s e d  e s p e c i a l l y  f o r  th e  
rh o m b o h ed ra l s y s te m  ) r e f e r s  t o  p r i m i t i v e  c e l l s  w h ich  h a v e  o n ly  
on e l a t t i c e  p o i n t  p e r  c e l l .  Any c e l l  c o n t a i n s  a d d i t i o n a l  p o i n t s  

in  th e  i n t e r i o r  o r  on f a c e s  i s  n o n p r im i t iv e .  F and I  r e f e r  to
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f a c e - c e n t e r e d  and b o d y - c e n t e r e d  c e l l s ,  r e s p e c t i v e l y ,  w h i le  A 1 B 
and c f o r  b a s e - c e n t e r e d  c e l l s ,  c e n t e r e d  on on e p a ir  o f  o p p o s i t e  
f a c e s  A , B o r  c .  (The A f a c e  i s  th e  f a c e  d e f in e d  by t h e  b and c 
a x e s ,  e t c .  )

Sym m etry o p e r a t io n  i s  r e f e r r e d  t o  a s  som e m ovem ent a f t e r  
w h ich  no c h a n g e  c o u ld  be d e t e c t e d  in  an o b j e c t .  The sym m etry  
o p e r a t io n s  h a v e  th e  p r o p e r ty  t h a t  a t  l e a s t  one p o in t  o f  th e  
o b j e c t  i s  n o t  moved by th e  o p e r a t i o n .  In  t h e  g r o u p s  c o n s i s t i n g  
o f  c o m b in a t io n s  o f  su c h  sym m etry e le m e n ts  t h e r e  i s  a l s o  a t  
l e a s t  on e p o in t  ( c e n t e r  o f  g r a v i t y  ) t h a t  r e m a in s  f i x e d ,  and 
t h e s e  g r o u p s  a r e  , t h e r e f o r e ,  c a l l e d  p o in t  g r o u p s .

The sym m etry  e le m e n t s  o f  a c r y s t a l  a r e  l i m i t e d  to  
1 , 2 ,  3 ,  4 and 6 - f o l d  r o t a t i o n s .  A lth o u g h  a l l  sym m etry e le m e n t s  
a r e  p e r m i s s i b l e  f o r  i s o l a t e d  m o le c u le s ,  i t  i s  n o t  p o s s i b l e  f o r  
a c r y s t a l  t o  h a v e  sy m m e tr ie s  su c h  a s  Cj_. The r e a s o n  i s  t h a t  i t  
i s  im p o s s ib le  t o  f i l l  a l l  o f  s p a c e  w ith  f i g u r e s  o f  5 - f o l d  sy m m etry . 
T h e r e f o r e ,  t h e r e  a r e  o n ly  32 c o m b in a t io n s  o f  sym m etry e le m e n t s  
p o s s i b l e  in  a c r y s t a l  and t h e s e  a r e  th e  t h i r t y - t w o  p o in t  g r o u p s .

The r e g u la r  a rra n g e m e n t o f  th e  u n i t  c e l l s  i n  a c r y s t a l  
p e r m it s  o t h e r  sym m etry o p e r a t io n s  b e s i d e s  th e  p o in t  grou p  
o p e r a t i o n s .  In  any c r y s t a l  t h e r e  w i l l  be a number o f  t r a n s l a t i o n s  
th r o u g h  c e r t a i n  d i s t a n c e s  i n  d e f i n i t e  d i r e c t i o n s .  The sym m etry  
o p e r a t io n s  o f  a c r y s t a l  o b t a in e d  by c o m b in in g  p o in t  grou p  
o p e r a t io n s  w it h  t r a n s l a t i o n s  c a n  be e x p r e s s e d  in  te r m s o f  two  
d i s t i n c t  k in d s  ะ a  s c r e w  r o t a t i o n  ( a r o t a t i o n  a b o u t an a x i s  
a cco m p a n ied  by a  t r a n s l a t i o n  a lo n g  th e  a x i s  ) ,  and a g l i d e  p la n e  
r e f l e c t i o n  ( a r e f l e c t i o n  in  a p la n e  a cco m p a n ied  by a  t r a n s l a t i o n
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along a lin e  ly in g  in  the plane ). By combining tra n s la tio n  to 

the symmetry elements of the th ir ty - tw o  po int groups, 230 d iffe re n t 

arrays of  symmetry elements ( space groups ) c a n  he produced.

Table 1. The c rys ta l systems, Bravais la tt ic e s  and the

po int groups.

Crys ta l Unit c e ll Bravais Poi ท t
—--  —- ■ —— J

groups

systems dimensions la tt ic e s Schoenflies Ilermann-Mauguin

symbol syr.ibo 1 symbol

T r ic l in ic a ̂  b T c p C1 1

oC. 4 c Ï

Monoclinic a ^b £ c p, c c2
Qc*

oC -Jf* = 90° c ร Et

J i f  90° c2h 2/m

Orthorhombic a 2 b i  c i \  I , D2 222

*  ^ - -  y =90° C, F C2v mm2

D2h tBRIffi

Khombobedral a ะ: b ะ: c R c3 3

1-' Y ’- ' f  90° c3i 3

u3 32

C3V 3m

-

u3d
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Table 1. The c rys ta l system^, Bravais la t t ic e s  and the 

(cont.) po in t groups.

C rystal Unit c e ll Bravais Point groups

systems dimensions 1a ttice s Schoenflies Heruann-Mauguin

symbol symbol symbol

Hexagonal a = b  ̂ c p c6 6

|3 = 90° c3h 6

r  = 1 2 0 ° c6h 6 /ณ

D6 622

C6V Gmci

D3h 6 m2

ÜCh 6 / Iiimm

Te tragonal a ะะ b ± c 1\ I c4 4

ot - p r =  90° s4 4

C4h 4 /m

u4 422

C4V 4mm

D2d 4 2m

D4h 4/mmm

Cubic a = b ะ: c P, I ,  F T 23

1-.- = ท : ,5 = 90° Th m 3

0 432

Td 4 3m

°h m3m



9

T a b l e  2. Space g ro u p s  i n  o r t h o r h o m b i c  s y s t e m .

C rysta l system Point groups Space groups

Schoenflies Hermann- Schoenflies Hermann-Maugui ท

symbol Mauguin symbol symbol

symbol

Orthorhombic D2 222 Ü1 ( V1 ) p 222

( v2 ) p 2221

9 3 ( V3 ) p 21212

92  ( V4 ) p 212121

92  ( V5 ) c  2 2 2

9 2 ( V’6 ) c  2 2 2

i  < v ? > F 222

92 ( V8 ) I  222

92 ( V9 ) 1 2  2 2 1 1 1

C2V mm2
c 2 V p mm2

c2v p mc2^

C2v p ec2

c 42v p raa2

c  52v p ea21

c2v p nc2

ร 7’ p mn21

c  8c2v p ba2

c  9u2v p na2^
p 10

2v p nn2

c  mm2

c  mc2 ^

c  13c2v c  cc2

c 142v A mm2



T a b le  2 .  S p a c e  g r o u p s  in  o r th o r h o m b ic  s y s t e m .
( c e n t . ) _________ ______________________________ ______________พ V » y_________
C r y s t a l  s y s te m P o in t  g r o u p s S p a c e  g r o u p s

S c h o e n f l i e s H erm ann- S c h o e n f l i e s H erm ann-M auguin
sym b ol M auguia sym b ol sym b ol

sym b ol

c 15c 2 v A bm2
c 16c 2v A ma2
c 17c 2v A ba2
c 18C2v F mm2
c 19C2v F dd2
c 20c 2v I mm2
c 21C2v 1 ba2
c 22C2t I ma2

°2 h ■ mm ° 2 h ( <  > รai

Ï > p  nnn

D2 h ( v h > p C C B

°2h <  <  ) p baa

Dl h ( vt > p mma

Dih< v h > p an a

°2h<  v h > p maa

° 2 h ( v h > p  c c a

°2h<  v h > .. p baa
— ° 2 h ( v h0 ) p  C C B

D2h< v h l j p bcm

D2h< vh > p an a



1 1

T a b le  2 .  S p a c e  g r o u p s  in  o r th o r h o m b ic  s y s t e m ,  
( c o a t . )
C r y s t a l P o in t  g r o u p s S p a ce g r o u p s
sy s te m S c h o e n f l i e s H erm ann- S c h o e n f l i e s H erm ann-M auguin

sym b ol M auguin sym b ol sym b ol
sym b ol

° 2 h  < » “ > P mmn

4 t  < ' ร ิ4 ) P b e n

°2 h  ( v h > P b ca

‘‘ร ิร ิ ( ' ร ิ6 ) P nma

4 :  < ' ร ิ7 ) c  mem

‘‘ร ิร ิ ( ' ร ิ8 ) c  mca

‘‘ร ิร ิ « ' ร ิ8 ) C Bimin

“ 1  < ' ร ิ0 ) C C C D

“ ร ิร ิ( ’'ร ิ1 » C rama

4 1  < ' ร ิ2 ) C c c a

4 1  < ' ร ิ3 ) F mmm

» E  < ' ร ิ4 > F ddd

“ I  < ' ร ิ5 ) 1 mmm

"ร ิร ิ < ' ร ิ6 ) I b am

4 ร ิ < ' ร ิ7 ) I b ca

“1  < ' ร ิ8 ) I  mraa

1
I
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Space Group Notation

1. Hermann - Mauguin Notatio n . The f i r s t  symbol is  

designated by a c a p ita l le t te r  which re fe rs  to the Bravais 

la t t ic e  (p, A, B, c, F and I ) .

p, a p r im itiv e  la t t ic e

A, B, c ,  la t t ic e s  which are centered on the A, B ,  c  

faces respective ly

F, a la t t ic e  which is  centered on a l l  faces 

1, a body-centered la t t ic e

The next symbol denotes tile p r in c ip a l ax is . Rotation

axes and ro ta tio n -in ve rs io n  axes are denoted by 1, 2, 3, 4, 6

and I ,  2 , 3, 4, 6 re sp e c tive ly . Thus P2 ind icates a p rim itive

la t t ic e  with a twofold ax is . The screw axis is  designated by ท ,

ท denotes an n -fo ld  axis of ro ta tio n  associated w ith a

tra n s la tio n  of p/n displacement p a ra lle l to the ax is . Thus

P2  ̂ ind icates a p r im itiv e  la t t ic e  with a twofold screw axis

(2 -fo ld  ro ta tio n  axis w ith 1/2 tra n s la t io n ) . R eflection plane

I S  111, g lide  planes are a, I), c, d and ท. a, b and c are

ax ia l g lide  [lianes w ith a g lid e  ol' one h a lf p a ra lle l to

c rys ta llog rap h ic  axes a, b and c, that are 1 a, _1 b and 1 c,
2 2 2

resp ec tive ly , d is  a diamond g lide  plane with a g lide  of

l (a+b), I (b + c ), or _1 (c + a ). ท I S a diagonal g lide  plane 
4 4 4
w ith a g lide  of _1 (b+c), 1 (a+b) or _1 (c + a ). Thus Pc ind icates

2 2 ÎZ
a p rim itive  la t t ic e  w ith a c -g lid e  plane. I f  there is  a m irror
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r o t a t i o n  a x i s ,  th e  sym b ol i s  n /m . For e x a m p le , p 2/m  i n d i c a t e s  a 
p r i m i t i v e  l a t t i c e  w ith  t w o f o ld  a x i s  and a m ir r o r  p la n e  p e r p e n d ic u la r  
t o  i t .  p 2 ^ /c  m eans a p r i m i t i v e  l a t t i c e  w ith  a tw o fo ld  s c r e w  a x i s  
and a c - g l i d e  p la n e  p e r p e n d ic u la r  t o  i t .

The f o l l o w i n g  sy m b o ls  a r e  s y m m e tr ie s  o f  s e c o n d a r y  a x e s  
and m ir r o r  p la n e s  o r  g l i d e  p la n e s  p e r p e n d ic u la r  t o  t h e s e  a x e s .
The sy m b o ls  a r e  w r i t t e n  in  an o r d e r  w h ich  i n d i c a t e s  t h e  o r i e n t a t i o n  
o f  th e  sym m etry e le m e n t s  in  t h e  d i r e c t i o n  o f  th e  t h r e e  
c r y s t a l l o g r a p h i c  a x e s  a ,  b ,  c in  an o r d e r .  F or e x a m p le , Pbcm means 
t h a t ,  in  a p r i m i t i v e  o r th o r h o m b ic  l a t t i c e ,  t h e r e  i s  a b - g l i d e  p la n e  
p e r p e n d ic u la r  t o  t h e  a - a x i s ,  a c - g l i d e  p la n e  p e r p e n d ic u la r  to  
th e  b - a x i s ,  and a m ir r o r  p la n e  p e r p e n d ic u la r  t o  th e  c - a x i s .

2 .  S c h o e n f l i e s  N o t a t i o n . I t  i s  t h e  sym b ol f o r  th e  
c o r r e s p o n d in g  p o in t  grou p  o b t a in e d  by ig n o r in g  th e  t r a n s l a t i o n a l  
com p on en t o f  any s p a c e  o p e r a t i o n ,  p lu s  an a r b i t r a r y  n u m e r ic a l  
s u p e r s c r i p t ,  f o r  e x a m p le , C2 k ( th e  H erm ann-M auguin sym b ol 
i s  p 2 ^ /c  ) .  The sym b ol d e n o t e s  th e  e x i s t e n c e  o f  t w o - f o ld  r o t a t i o n  
a x i s  and a r e f l e c t i o n  p la n e ,  s o  th e  c r y s t a l  s y s te m  i s  m o n o c l in i c .  
The s u p e r s c r i p t  5 i s  th e  o r d e r  w h ich  i s  d e r iv e d  by S c h o e n f l i e s .
T h is  n o t a t io n  i s  r a t h e r  a r b i t r a r y  and u n in f o r m a t iv e ,  s o  i t  i s
now adays l i t t l e  u s e
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C ry s ta lliz a tio n  ( 24 )

The c ry s ta ll iz a t io n  can be considered to comprise three steps

1. Achievement of supersaturation

2. Formation of c ry s ta l nuclei

3. Growth of the c rys ta ls

1. Saturation and Supersaturation

A so lu tion  in  equ ilib rium  w ith the so lid  phase is  said 

to be saturated w ith respect to tha t s o lid . I t  is  possible to 

prepare a so lu tion  conta in ing much more dissolved so lid  than 

that represented by sa tu ra tion  cond ition , such a so lu tion  is  said 

to be supersaturated. The supersaturation of a system may be 

achieved by removing some of the solvent from the so lu tion  

(evaporation)1 or cooling the saturated so lu tio n . The addition 

of ions Common to the s a lt in  saturated so lu tion  w i l l  p re c ip ita te  

th 1’;t  s a lt  due to common ion e ffe c t.  The saturated so lu tio n  can 

be made supersaturated by adding a solvent in  which the s a lt  

cannot d isso lve.

2. Nucléation

The condition of supersaturation alone is  not s u ff ic ie n t 

cause fo r a system to c ry s ta ll iz e .  Before c rys ta l growth, there 

must e x is t in  the so lu tion  a number of minute so lid  bodies which 

are known as centers of c ry s ta ll iz a t io n ,  seeds, or n u c le i.

Nucléation may occur spontaneously or i t  may be induced a r t i f i c i a l l y .
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2 .1  S p o n ta n e o u s  N u c lé a t io n

The m echanism  o f  n u c l é a t i o n  i s  a s  f o l l o w s :  m in u te  
s t r u c t u r e s  a r e  fo r m e d , f i r s t  o f  a l l  from  th e  c o l l i s i o n  o f  two 
m o le c u le s ,  th e n  from  t h a t  o f  a t h i r d  w ith  th e  p a i r ,  and s o  o n .
S h o r t  c h a in s  may be form ed  i n i t i a l l y ,  o r  f l a t  m o n o la y e r s ,  and 
e v e n t u a l l y  th e  l a t t i c e  s t r u c t u r e  i s  b u i l t  u p . The c o n s t r u c t i o n  
p r o c e s s ,  w h ich  o c c u r s  v e r y  r a p i d l y ,  c a n  o n ly  c o n t in u e  i n  l o c a l  
r e g i o n s  o f  v e r y  h ig h  s u p e r s a t u r a t i o n ,  and many o f  t h e s e  ' s u b - n u c l e i '  
f a i l  t o  a c h ie v e  m a t u r it y ;  t h e y  s im p ly  r e d i s s o l v e  b e c a u s e  t h e y  a r e  
e x t r e m e ly  u n s t a b l e .  I f ,  h o w e v e r , th e  n u c le u s  grow s b eyon d  a 
c e r t a i n  c r i t i c a l  s i z e ,  i t  b eco m es s t a b l e  u n d er th e  a v e r a g e  c o n d i t i o n s  
o f  s u p e r s a t u r a t i o n .  The c r i t i c a l  s i z e ,  t h e r e f o r e ,  r e p r e s e n t s  th e  
minimum f r e e  e n e r g y  o f  th e  p a r t i c l e .

2 . 2  In d u ced  N u c lé a t io n

A g i t a t i o n  or  b u b b lin g  o f  a g a s  th r o u g h  a
s o l u t i o n  ca n  o f t e n  in d u c e  n u c l é a t i o n .  M ost a g i t a t e d  s o l u t i o n s  
n u c le a t e  s p o n t a n e o u s ly  a t  lo w e r  d e g r e e s  o f  s u p e r s a t u r a t io n  th a n  
q u i e s c e n t  o n e s .  P r o b a b ly  th e  b e s t  m ethod f o r  in d u c in g  
c r y s t a l l i z a t i o n  i s  t o  i n o c u l a t e  o r  s e e d  th e  s u p e r s a t u r a t e d  s o l u t i o n  
w ith  s m a l l  p a r t i c l e s  o f  th e  m a t e r ia l  t o  be c r y s t a l l i z e d .  The 
s e e d s  u n n e c e s s a r i l y  h a v e  t o  c o n s i s t  o f  t h e  m a t e r ia l  b e in g  
c r y s t a l l i z e d ,  u n l e s s  a b s o lu t e  p u r i t y  o f  th e  f i n a l  p r o d u c t  i s  
r e q u i r e d .  A few  t i n y  c r y s t a l s  o f  som e iso m o r p h o u s  s u b s t a n c e  may 
be u se d  t o  in d u c e  c r y s t a l l i z a t i o n .

0 0 0 0 1  1

t P 3 7 1 7 5 2
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3 .  C r y s t a l  Growth

As so o n  a s  s t a b l e  n u c l e i  h a v e  b een  form ed  in  a 
s u p e r s a t u r a t e d  s y s t e m ,  th e y  b e g in  t o  grow i n t o  c r y s t a l s  o f  v i s i b l e  
s i z e .  T h ere  a r e  many t h e o r i e s  e x p l a i n i n g  th e  m echanism  and r a t e  
o f  c r y s t a l  g r o w th , and t h e s e  a r e ;  1 s u r f a c e  e n e r g y  ' ,  ' d i f f u s i o n  '
and ' a d s o r p t i o n - l a y e r  ' t h e o r i e s .

Ahe s u r f a c e  e n e r g y  t h e o r i e s  a r e  b a se d  on th e  p o s t u l a t i o n  
t h a t  a g r o w in g  c r y s t a l  a ssu m es th e  sh a p e  w ith  minimum s u r f a c e  e n e r g y .  
The d i f f u s i o n  t h e o r i e s  presu m e t h a t  m a tte r  i s  d e p o s i t e d  on a  
c r y s t a l  f a c e  a t  a r a t e  p r o p o r t io n a l  t o  th e  d i f f e r e n c e  i n  c o n c e n t r a t io n  
b e tw e e n  c r y s t a l  f a c e  and th e  b u lk  o f  th e  s o l u t i o n .

A d s o r p t io n  L a y er  T h e o r ie s

The c o n c e p t  o f  a m echanism  o f  c r y s t a l  g ro w th  b a se d  
on th e  e x i s t e n c e  o f  an a d so r b e d  la y e r  o f  s o l u t e  atom s o r  m o le c u le s  
on a  c r y s t a l  f a c e  w as f i r s t  s u g g e s t e d  by V olm er ( 2 5 ) .

Atom s or  m o le c u le s  in  th e  v i c i n i t y  o f  a c r y s t a l  
f a c e  w i l l  te n d  t o  a t t a c h  t h e m s e lv e s  o n to  t h e  s u r f a c e  in  p o s i t i o n s  
w h ere th e  a t t r a c t i v e  f o r c e s  a r e  g r e a t e s t ,  i . e .  t h e y  w i l l  m ig r a te  
to w a r d s  p o s i t i o n s  w here a maximum number o f  l i k e  e le m e n t s  a r e  
l o c a t e d  ( F ig u r e  l a  ) .  T h is  s t e p - w i s e  b u i ld  up w i l l  c o n t in u e  u n t i l  
t h e  w h o le  p la n e  s u r f a c e  i s  c o m p le te d  ( F ig u r e  lb  ) .  B e fo r e  a  
f u r t h e r  la y e r  c a n  be b u i l t  up a g a in ,  a n o th e r  ' c e n t e r  o f  
c r y s t a l l i z a t i o n  1 m ust come i n t o  e x i s t e n c e  on t h e  p la n e  s u r f a c e ,  
and i t  i s  s u g g e s t e d  t h a t  a m o n o la y e r  i s l a n d  n u c le u s ,  u s u a l l y  c a l l e d  
a tw o - d im e n s io n a l  n u c le u s ,  i s  c r e a t e d  ( F ig u r e lc .  ) .
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F ig u r e  1 .  C r y s t a l  g r o w th .
a ) M ig r a t io n  to w a r d s  d e s i r e d  l o c a t i o n .
b) C o m p leted  l a y e r .
c )  S u r f a c e  n u c l é a t i o n .
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S o l i d  S o l u t i o n s

A s e r i e s  o f  s o l i d  s o l u t i o n s  i s  a s e t  o f  s o l i d  m ix tu r e s  
h a v in g  two ( or  more ) co m p o n en ts  c r y s t a l l i z e d  i n  th e  sam e l a t t i c e  
a r ra n g em en t b u t in  w h ich  th e  c o m p o s i t io n  and l a t t i c e  p a r a m e te r  
p r o g r e s s i v e l y  c h a n g e  t o g e t h e r .

T h ree  m ain t y p e s  o f  s o l i d  s o l u t i o n  a r e  r e c o g n i z e d (  26 ) ะ
1 .  S u b s t i t u t i o n a l  S o l i d  S o l u t i o n .

I o n s  o r  a tom s i n  th e  s t r u c t u r e  a r e  r e p la c e d  by f o r e ig n  
atom s or  io n s  o f  s i m i l a r  r a d iu s  w ith o u t  c a u s in g  s e r i o u s  d i s t o r t i o n  
o f  t h e  s t r u c t u r e .  When th e  c h a r g e  and r a d i i  o f  s u b s t i t u t i n g  io n s  
a r e  s i m i l a r  t o  t h e  s u b s t i t u t e d  i o n s ,  th e n  c o m p le te  s o l i d  s o l u t i o n  
may e x i s t  b e tw een  th e  tw o end-m em ber com p ou n d s, f o r  e x a m p le ,  
s u b s t i t u t i o n  o f  m agnesium  ( I I )  io n  ( Mg2 + ) by f e r r o u s  io n  (F e2 + )
g i v e s  a s e r i e s  o f  p r o d u c t s  from  m agnesium  s i l i c a t e  ( Mg^SiO^) th r o u g h  

( Mg ,F e  t o  ^erroU B  s i l i c a t e  ( Fe^SiO^^ ) .  I f  i o n s  d i f f e r
m a rk ed ly  in  s i z e ,  th e n  s e l i d  s o l u t i o n  w i l l  o c c u r  t o  a l i m i t e d  e x t e n t .

S u b s t i t u t i o n a l  s o l i d  s o l u t i o n  i n v o l v i n g  d i f f e r e n t  v a l e n c i e s  
o f  t h e  s u b s t i t u t e d  and s u b s t i t u t i n g  e le m e n ts  i s  a l s o  p o s s i b l e ,  and 
i s  known a s  a l t e r v a l e n t  s u b s t i t u t i o n a l  s o l i d  s o l u t i o n .  In  o r d e r  to  
m a in ta in  e l e c t r i c a l  n e u t r a l i t y  in  th e  c r y s t a l ,  one ( o r  more ) o f  
t h e  f o l l o w i n g  p r o c e s s e s  m ust o c c u r :

a ) s u b s t i t u t i o n  o f  a s e c o n d  e le m e n t  o f  a d i f f e r e n t ,  and  
c o m p e n s a t in g  v a le n c y ,  a t  t h e  sam e t im e .

b) a d d i t i o n  o f  an io n  i n t o  an i n t e r s t i t i a l  p o s i t i o n  in  
t h e  s t r u c t u r e .

c )  t h e  d e v e lo p m e n t o f  a  v a c a n c y .
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2 .  I n t e r s t i t i a l  S o l i d  s o l u t i o n »

F o r e ig n  atom s o r  i o n s  do n o t  r e p l a c e  a tom s o r  i o s s  in  
t h e  s t r u c t u r e  a t  th e  l a t t i c e  p o in t  b u t f i t  i s t o  i n t e r s t i c e s  ( c a v i t i e s )  
o f  t h e  l a t t i c e  w h ich  a r e  s u f f i c i e n t l y  l a r g e  t o  accom m odate e x tr a n e o u s  
a to m s . T h is  ty p e  i s  v e r y  common i a  m e t a l s ,  w h ich  ta k e  up h y d r o g e n ,  
c a r b o n , b oron  and n i t r o g e n ,  a l l  o f  w h ich  a r e  s m a l l  a to m s , in  
i n t e r s t i c e s  o f  th e  l a t t i c e  t o  form  s o l i d  s o l u t i o n .  I f  a s u b s t a n c e  
h a s  an open  s t r u c t u r e ,  i n t e r s t i t i a l  s o l i d  s o l u t i o n  may ta k e  p la c e  
e v e n  w ith  a tom s o r  io n s  o f  a c o n s id e r a b le  s i z e .

3 .  O m iss io n  S o l i d  S o l u t i o n .

T h is  t y p e  o f  s o l i d  s o l u t i o n  i s  a s s o c i a t e d  w ith  d e f e c t  
l a t t i c e s ,  i a  w h ich  som e o f  t h e  atom s a r e  m is s in g  from  s i t e s  in  a  
s t r u c t u r e ,  l e a v i n g  v a c a n t  l a t t i c e  p o s i t i o n s .  F or e x a m p le , th e  
m in e r a l  p y r r h o t i t e ,  Fe 1 ร ,  i n  w h ich  a n a ly s e s  show  more s u l f u r  
th a n  c o r r e s p o n d s  t o  th e  fo r m u la  F e S . I t  w a s , f o r  a lo n g  t im e ,  
d e s c r ib e d  a s  s o l i d  s o l u t i o n  o f  s u l f u r  in  F e S . A c t u a l ly  th e  e x c e s s  
o f  s u l f u r  shown by a n a ly s e s  i s  due to  th e  a b s e n c e  o f  som e ir o n  atom s  
from  t h e i r  p l a c e s  in  th e  l a t t i c e ;  t h e r e  i s  a d e f i c i e n c y  o f  i r o n ,  
n o t  an e x c e s s  o f  s u l f u r .  I r o n  w i l l  be f e r r o u s  and f e r r i c
t o  p r o v id e  e l e c t r i c a l  n e u t r a l i t y .

The F o rm a tio n  o f  S o l i d  S o lu t io n ^  ( M ixed C r y s t a l s  )

S o l i d  s o l u t i o n s  i n  a s e n s e  o f  m ixed  c r y s t a l s  a r e  form ed  
when two s u b s t a n c e s  c r y s t a l l i z e  from  a s o l u t i o n  or a m o lte n  m ix tu r e  
o f  th e  two s a l t s ,  t o  form  a common c r y s t a l  s t r u c t u r e  i n  w h ich  th e  
p r o p o r t io n s  o f  t h e  co m p o n en ts  may v a r y  c o n t i n u o u s l y .  The phenom enon  
o f  m ixed  c r y s t a l  f o r m a t io n  ca n  o c c u r  t o  s u b s t a n c e s  w h ich  a r e  
is o m o r p h o u s . S u b s ta n c e s  w ith  a n a lo g o u s  fo r m u la s  and i a  w h ich  th e
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r e l a t i v e  s i z e s  o f  c a t i o n s  and a n io n s  a r e  s i m i l a r  o f t e n  h a v e  c l o s e l y  
r e l a t e d  c r y s t a l  s t r u c t u r e s ;  t h e y  a r e  s a i d  t o  be is o m o r p h o u s , and 
t h e  phenom enon i s  known a s  iso m o r p h is m . H ow ever, iso m o rp h ism  i s  
n e i t h e r  n e c e s s a r y  t o  n or  s u f f i c i e n t  f o r  m ixed  c r y s t a l  f o r m a t io n .

I t  i s  t r u e  t h a t  many p a i r s  o f  s u b s t a n c e s  w ith  s i m i l a r  
c r y s t a l  s t r u c t u r e s  form  e i t h e r  a l i m i t e d  or c o m p le te  r a n g e  o f  
s o l i d  s o l u t i o n s  or m ixed  c r y s t a l s .  T here a r e ,  h o w e v e r , s o  many 
c o m p l i c a t in g  f a c t o r s  t h a t  no d e d u c t io n s  c a n  be made a b o u t th e  
s t r u c t u r e s  o f  tw o s u b s t a n c e s  from  t h e i r  a b i l i t y  or  f a i l u r e  to  
form  m ixed  c r y s t a l s .  Compounds w ith  q u i t e  d i f f e r e n t  s t r u c t u r e s  
s u c h  a s  s i l v e r  b r o m id e , AgBr (so d iu m  c h l o r i d e  s t r u c t u r e )  and  
s i l v e r  i o d i d e ,  A gi ( w u r t z i t e  s t r u c t u r e ) ,  and e v e n  d i f f e r e n t  t y p e s  
o f  fo r m u la  su c h  a s  c a lc iu m  f l u o r i d e ,  CaF^ and y t t r iu m  f l u o r i d e ,  YF^ 
form  m ixed  c r y s t a l s .  On th e  o t h e r  h an d , s u b s t a n c e s  w ith  t h e  sam e 
ty p e  o f  c r y s t a l  s t r u c t u r e  do n o t  n e c e s s a r i l y  form  m ixed  c r y s t a l s  
s u c h  a s  c a lc iu m  c a r b o n a te  ( c a l c i t e  s t r u c t u r e  ) and sod iu m  n i t r a t e .  
H ow ever, som e r e q u ir e m e n ts  f o r  th e  fo r m a t io n  o f  m ixed  c r y s t a l s  a r e ะ

1 .  S i z e  F a c t o r .

The c o m p le te  m i s c i b i l i t y  o f  s i m i l a r  s t r u c t u r a l l y  m e t a ls  
i s  p o s s i b l e  o n ly  i f  th e  s i z e s  o f  th e  a tom s do n o t  d i f f e r  by more 
th a n  15 p e r c e n t .  P o ta s s iu m  c h l o r i d e  fo rm s m ixed  c r y s t a l s  w ith  
p o ta s s iu m  b ro m id e  b e c a u s e  th e  s i z e s  o f  c h l o r i d e  and b ro m id e  io n s  
a r e  q u i t e  c l o s e .

2 .  Type o f  B ond.

The bond in  t h e  two com pounds m ust be o f  s i m i l a r  t y p e ,  
f o r  e x a m p le , p o ta s s iu m  c h l o r i d e  ( i o n i c  bend ) form Sm ixed  c r y s t a l s  
w it h  p o ta s s iu m  b rom id e ( i o n i c  bond ) b u t n o t  w ith  le a d  s u l f i d e
( c o v a l e n t  bond ) w h ich  h a s  th e  same c r y s t a l  s t r u c t u r e  a s  p o ta s s iu m  

c h l o r i d e .
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3 .  C h e m ic a l S i m i l a r i t y .

C a lc iu m  c a r b o n a te  ( c a l c i t e  s t r u c t u r e  ) and sod iu m  n i t r a t e  
c a n n o t  form  m ixed  c r y s t a l s  th o u g h  th e  c e l l  c o n s t a n t s  a r e  n e a r ly  th e  
sam e b e c a u s e  sod iu m  n i t r a t e  i s  s o l u b l e  in  w a te r  w h i le  c a lc iu m  
c a r b o n a te  i s  i n s o l u b l e .

C r y s t a l  S p e c t r a

An i n t e r e s t  i n  t h e  i n f r a - r e d  and Raman s p e c t r a  o f  c r y s t a l s  
h a s  b een  s t im u l a t e d  by r e c e n t  c o n t r i b u t i o n s  t o  t h e  t h e o r e t i c a l  
a s p e c t s  o f  t h e i r  i n t e r p r e t a t i o n s .  The s p e c t r a  o f  m o le c u le s  f i x e d  
i n  a l a t t i c e  d i f f e r  from  t h o s e  o f  f r e e  m o l e c u l e s .  The s e l e c t i o n  
r u l e s  w h ic h  o p e r a te .,  a r e  a f f e c t e d  by th e  c r y s t a l  sym m etry  a s  w e l l  a s  
t h e  m o le c u la r  sy m m e tr y . In  c r y s t a l l i n e  s t a t e ,  t h e  f r e q u e n c y  i s  
s h i f t e d  o r  s p l i t s  up i n t o  a number o f  c o m p o n e n ts , o t h e r w is e  new 
b an d s may a p p e a r .  T h e se  s p e c t r a l  c h a n g e s  a cco m p a n y in g  s o l i d i f i c a t i o n  
may be a t t r i b u t e d  t o  tw o d i s t i n g u i s h a b l e  i n f l u e n c e s  o f  t h e  l a t t i c e (2.7 ,).

1 .  The m o le c u la r  sym m etry nay be p e r tu r b e d  by t h e  c r y s t a l ' s  
p o t e n t i a l  f i e l d ,  t h e  sym m etry i s  lo w e r e d  and r e s u l t s  i n  l i f t i n g  
t h e  d e g e n e r a c y  o f  a  d e g e n e r a t e  norm al mode o f  an i s o l a t e d  s p e c i e s  
and le a d in g  t o  a m u l t i p l e t  s t r u c t u r e .  T h is  s p l i t t i n g  i s  n a i l e d  
s i t e  grou p  s p l i t t i n g .

2 .  The m o le c u la r  v i b r a t i o n s  may be p e r tu r b e d  by c o u p l in g  w ith  
i d e n t i c a l  m o le c u la r  s y s t e m s  th r o u g h  in t e r m o le c u la r  f o r c e s .  A 
n o n d e g e n e r a te  and d e g e n e r a t e  v i b r a t i o n s  in  an i s o l a t e d  s p e c i e s  may 
e x h i b i t  a m u l t i p l e t  s t r u c t u r e  in  a m u l t ip ly  o c c u p ie d  u n i t  c e l l  o f
a c r y s t a l  due t o  t h e  c o r r e l a t i o n  f i e l d  e f f e c t s .  T h is  s p l i t t i n g  i s  
c a l l e d  f a c t o r  g ro u p  ( c o r r e l a t i o n  f i e l d  ) s p l i t t i n g .



. P o t e n t i a l  E n ergy  o f  C r y s t a l

H o rn ig  (2 8 )  h a s  bhown t h a t  th e  p o t e n t i a l  e n e r g y  o f  th e  
c r y s t a l  i s  e x p r e s s e d  1 in a t h e  h a rm o n ic  a p p r o x im a t io n ,  a s

I n  v e r i f y i n g  t h e  t h e e r y  a n d  e x p e r i m e n t a l l y  d e t e r m i n i n g  t h e

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

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

V = £  ( v °+  v ! )  + £ . ^  V ., + VT =  7  ว ํ ว ่  7 7  j k  I + VLj

w h ere th e  su m m a tio n s e x te n d  o v e r  a l l  o f  th e  m o le c u le s  in  th e  u n i t  c e l l .  
The v a r io u s  te r m s a r e  ะ

vT r e p r e s e n t s  t h e  p o t e n t i a l  e n e r g y  f u n c t io n  o f  th e
f r e e  m o le c u le .

v \  r e p r e s e n t s  t h e  p e r t u r b a t io n  t o  V* due to  th e  f i e l d  
o f  t h e  c r y s t a l  a t  t h e  s i t e  o f  t h e  j * -  m o le c u le .

V\j^ r e p r e s e n t s  i n t e r a c t i o n s  b e tw een  v i b r a t i o n s  in  
d i f f e r e n t  m o l e c u l e s .

VL r e p r e s e n t s  t h e  l a t t i c e  p o t e n t i a l .
r e p r e s e n t s  i n t e r a c t i o n s  b e tw e e n  l a t t i c e  and i n t e r n a l

v i b r a t i o n s  1

The p e r t u r b a t io n  V c a u s e s  th e  p o t e n t i a l  e n e r g y  o f  t h e  m o le c u leJ
in  t h e  c r y s t a l  t o  d i f f e r  from  t h a t  in  th e  v ap ou r  p h a s e ,  th e  
r e s u l t i n g  e f f e c t s  a r e  c a l l e d  s i t e  grou p  ( s t a t i c  f i e l d  ) e f f e c t s .
T h ese  e f f e c t s  a r e  a d i r e c t  m easu re o f  th e  i n f l u e n c e  w h ich  th e  c r y s t a l
l a t t i c e  e x e r t s  upon a m o le c u le .  S i t e  gro u p  e f f e c t s  ca n  p r o d u c e  s h i f t s  
i n  f r e q u e n c y  and may le a d  t o  a  s p l i t t i n g  o f  a d e g e n e r a t e  v i b r a t i o n  and 
t h i s  s p l i t t i n g  i s  c a l l e d  s i t e  g ro u p  s p l i t t i n g .



V . i s  v e r y  s m a l l  ( a b o u t 0 .1  cm l*  i n  3000 cm 7*) s o  i t  i s  
n e g l e c t e d .  The l a t t i c e  f r e q u e n c i e s  a r e  u s u a l l y  s m a l l  in  
c o m p a r iso n  w ith  t h e  i n t e r n a l  f r e q u e n c i e s  o f  th e  m o le c u le .  The 
in t e r m o le c u la r  c o u p l in g  o r  v _ i s  much w eak er th a n  th e  
in t r a m o le c u la r  f o r c e s ,  and s o  th e  e f f e c t s  o f  th e  c r y s t a l  f i e l d  
c a n  be t r e a t e d  a s  a p e r t u r b a t io n  o f  th e  m o le c u la r  f i e l d .

I t  i s  p o s s i b l e  to  e l i m i n a t e  t h e  c o u p l in g  o f  t h e  i n t e r n a l  
m odes o f  d i f f e r e n t  m o le c u le s  ( c o r r e l a t i o n  f i e l d  e f f e c t s  ) by 
s t u d y in g  m o le c u le  A in  a d i l u t e  s o l i d  s o l u t i o n  o f  an iso m o r p h o u s  
m o le c u le  B or  w ith  an i s o t o p i c  s p e c i e s .  T h is  c o r r e s p o n d s  t o  p a r t i a l  
o r  c o m p le te  e l i m i n a t i o n  o f  t h e  p o t e n t i a l  term  V , in  t h e  p o t e n t i a l  
f u n c t i o n  w h ich  w as p r o p o se d  by H o r n ig . I f  th e  c r y s t a l  p a r a m e te r s  o f  
A and B a r e  c l o s e  t o g e t h e r  and th e y  h a v e  t h e  sam e s i t e  sym m etry , 
i t  i s  p o s s i b l e  t o  s t u d y  t h e  i n f l u e n c e  o f  s i t e  sym m etry a lo n e  on th e  
sp e c tr u m  o f  A. Thus th e  s i t e  grou p  s p l i t t i n g  c a n  be d i s t i n g u i s h e d  
f r o n  f a c t o r  gro u p  ( c o r r e l a t i o n  f i e l d  ) s p l i t t i n g .

The tw o a p p r o a c h e s  w h ic h  a r e  a d v a n ced  to  s o l v e  th e  p ro b lem  
o f  d e te r m in in g  s e l e c t i o n  r u l e s  o f  c r y s t a l  s p e c t r a  a r e  th e  
s i t e - g r o u p  a p p r o x im a t io n ,  w h ich  c o n c e r n s  o n ly  t h e  f i r s t  terra o f  th e  
p o t e n t i a l  e n e r g y  e x p r e s s i o n ,  and th e  f a c t o r - g r o u p  a p p r o x im a t io n ,  
w h ich  t a k e s  th e  f i r s t  and th e  s e c o n d  term s i n t o  a c c o u n t .  A lth o u g h  
e a c h  o f  t h e s e  a p p r o a c h e s  i s  b a se d  on a u n iq u e  s e t  o f  a s s u m p t io n s ,  
b o th  a r e  fo u n d ed  t h a t  t h e  sym m etry  g o v e r n in g  th e  v i b r a t i o n s  in  
c r y s t a l s  m ust be t h e  sym m etry o f  th e  c r y s t a l .
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The Site-group Approximation and S ite  Symmetry.

Halford (29) in 1946 developed th is  approximation in  order to 

provide a simple model fo r  in te rp re tin g  the features of v ib ra tio n a l 

spectra of c ry s ta ls . The approximation may be carried out i f  the 

s ite  symmetries of molecules or ions in  the c rys ta l are known.

The point group in  the fourteen Bravais la tt ic e s  represent 

the f u l l  symmetry of the la t t ic e  i f  the la t t ic e  po in ts are 

occupied by s tructu re less po in ts . But in Cl’ ys ta ls  which the u n it c e lls  

are occupied by molecules, the symmetry of the u n it c e l l  w i l l  be 

lower i f  the molecules do not have the f u l l  symmetry of the la t t ic e  

po iu tg . The loca l symmetry of the molecule in  the u n it c e l l is  

s ite  symmetry. Since one or more symmetry elements pass through 

each molecule, the s ite  symmetry is  described by the symmetry group 

(ca lled s ite  group ).

For example, a cubic system (1 Figure 2 ), a s truc tu re less  point 

at the center would he unmoved by any of tile operations of the 0^ 

po in t group, so th is  point e xh ib its  tile octahedral symmetry of tile 

system. A cubic object placed at the center would also preserve 

the octahedral symmetry but an object w itli less than cubic symmetry 

would cause the symmetry of the u n it c e ll to be lower.

a
Figure 2 a) Btruetuneless po in t at 

b) Cubic s truc tu re  at the

the center of a cubic la t t ic e ,  

center of a cubic la t t ic e .
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The s ite  symmetry ol' oae of the corners of the cube is  

defined by the id e n tity ,  the s ing le  Cg axis and the three planes 

of symmetry which pass through the corner and ie  thus c  (Figure 3 ) .  

The octahedral symmetry of the system is  also preserved i f  the

corners of the cube are occupied by objects w ith symmetry.
6

Figure 3 . View along the body diagonal of a cube i l lu s t r a t in g

the s ite  symmetry at a corner.

The s ite  group is  always one of the th ir ty - tw o  po in t groups 

and must be a subgroup of the space group. Since any po in t in  a 

u n it c e ll is  re la ted  to one or more other po in ts in  the u n it c e ll  

by at least one element of symmetry, s ite s  of a p a rtic u la r s ite  

group symmetry w i l l  occur in  sets.

I t  is  not necessary to know the s ite  symmetry o f each 

atom since tile atoms are grouped in to  molecules or ions, i t  is  

necessary only to know the symmetry of the s ite s  occupied by the 

centers of g ra v ity  of these ร])ecies. This in form ation is  usually, 

but not always, obtained from the X-ray s truc tu re  study. In those 

cases when the s ite  symmetry is  not known, i t  cun be deduced by 

two useful cond itions.
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1 .  The s i t e  grou p  m ust be a su b g r o u p  o f  t h e  m o le c u la r  p o in t  
g ro u p  and s p a c e  g r o u p .

2 .  The p o s i t i o n s  o f  c e n t e r s  o f  g r a v i t y  o f  th e  m o le c u le s  m ust 
o ccu p y  a c o m p le te  s e t  o f  s i t e s .

T h ese  tw o c o n d i t i o n s  o f t e n ,  b u t n o t  a lw a y s ,  s u f f i c e  t o  f i x  
t h e  s i t e  sym m etry o f  t h e  m o le c u le s  o r  io n s  in  a c r y s t a l  f o r  w h ich  
th e  s p a c e  g ro u p  and number o f  m o le c u le s  p er  u n i t  c e l l  a r e  know n.

The a s s u m p tio n  o f  t h e  s i t e  grou p  a p p r o x im a t io n  i s  t h a t  
in  th e  c r y s t a l  t h e  in t e r m o le c u la r  c o u p l in g  o f  v i b r a t i o n a l  m o t io n s  
i s  n e g l i g i b l e  s i n c e  i t  i s  e x t r e m e ly  w ea k . The i n t e r n a l  ( m o le c u la r  ) 
m odes a r i s e  from  p e r t u r b a t io n s  o f  th e  f r e e - i o n  m odes due t o  th e  
c h a n g e  in  sym m etry  o f  th e  s i t e .  T h u s, th e  number and a c t i v i t i e s  
o f  i n t e r n a l  m odes a r e  fo u n d  by u s in g  th e  s i t e  sym m etry o f  th e  
p a r t i c u l a r  m o le c u le  o f  p o ly a to m ic  io n  in  t h e  c r y s t a l .  S in c e  t h e  
s i t e  sym m etry i s  u s u a l l y  lo w e r  th a n  th e  sym m etry o f  th e  f r e e  
m o le c u le ,  th e  e f f e c t  o f  th e  s i t e  grou p  a p p r o x im a t io n  f o r  i n t e r n a l  
n o d e s  i s  t o  s p l i t  d e g e n e r a c ie s  o f  th e  n orm al m odes o f  th e  
f r e e  m o le c u le .

An a n a l y s i s  o f  th e  s p e c t r a  o f  c a l c i t e  and a r a g o n i t e  
w i l l  be u n d e r ta k e n  a s  an ex a m p le  o f  t h i s  a p p r o x im a t io n .  The 
v i b r a t i o n a l  s p e c t r a  o f  c a l c i t e  and a r a g o n i t e  c r y s t a l s  a r e  d i f f e r e n t ,  
a lth o u g h  b o th  h a v e  th e  sam e c o m p o s i t io n  ( c a lc iu m  c a r b o n a te  ) .
T h is  r e s u l t  c a n  b e  e x p la in e d  i f  th e  d i f f e r e n c e  in  s i t e  sym m etry  
o f  th e  c a r b o n a te  io n  b e tw e e n  t h e s e  c r y s t a l s  i s  c o n s i d e r e d .  A c c o r d in g  
t o  X -ra y  a n a l y s i s ,  th e  s p a c e  grou p  o f  c a l c i t e  i s  and number o f
m o le c u le s  p er  u n i t  c e l l  ( z )  i s  tw o . M o le c u la r  p o in t  g ro u p  i s  D.jk*
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H a l f o r d 'ร t a b l e  (2*î) g i v e s

D3 ( 2 ) ’ c 3 i ( 2 ) ’ ° ° c 3 ( 4 ) ’ c i  ( 6 ) ’ < ~ c 2 (6 )

a s  p o s s i b l e  s i t e  s y m m e tr ie s  f o r  th e  s p a c e  grou p  D®^ ( t h e  number 
i n  f r o n t  o f  th e  p o in t  gro u p  n o t a t i o n  i n d i c a t e s  t h e  number o f  
d i s t i n c t  s e t s  o f  s i t e s  and t h a t  in  th e  b r a c k e t s  d e n o t e s  th e  
number o f  e q u i v a l e n t  s i t e s  f o r  e a c h  s e t  ) .  When a p p ly in g  t h e  
c o n d i t i o n  t h a t  t h e  p o s i t i o n s  o f  c e n t e r s  o f  g r a v i t y  o f  t h e  m o le c u le s  
m ust o c cu p y  a c o m p le te  s e t  o f  s i t e s ,  o n ly  จ 3 (2 )  and C3 i ( 2 )  a r e  
a c c e p t e d .  The c o n d i t i o n  t h a t  t h e  s i t e  g ro u p  m ust be a  su b g r o u p  o f  
t h e  m o le c u la r  p o in t  gro u p  and s p a c e  grou p  e l i m i n a t e s  c  s i n c e  
i t  i s  n o t  a su b g ro u p  o f  t h e  m o le c u la r  p o in t  grou p  û 3h* Thus th e  
s i t e  sym m etry o f  t h e  c a r b o n a te  io n  in  c a l c i t e  i s  .

On t h e  o t h e r  h a n d , t h e  s p a c e  g ro u p  o f  a r a g o n i t e  i s  
and t h e  number o f  m o le c u le s  p e r  u n i t  c e l l  ( z )  i s  f o u r .  M o le c u la r  
p o in t  grou p  i s  D 3k» H a l f o r d ' s  t a b l e  g i v e s

2 c .  ( 4 ) ,  0^ c  8 (4 )

a s  p o s s i b l e  s i t e  s y m m e t r ie s .  S in c e  Cj, i s  n o t  a su b g ro u p  o f  
m o le c u la r  p o in t  grou p  ° 3h ’ t h e  s i t e  sym m etry o f  th e  c a r b o n a te  io n  
in  a r a g o n i t e  m ust be Cg . Thus th e  sym m etry o f  t h e  c a r b o n a te  io n
in  an i s o l a t e d  s t a t e  i s  lo w e r e d  to  อ3 in  c a l c i t e  and t o  Cg in
a r a g o n i t e .  Then th e  s e l e c t i o n  r u l e s  a r e  ch a n g ed  a s  show n in  T a b le  3
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Table 3 . C orre la tion table fo r  1)„  ̂ , 0^ and .

Point

group
ร ^  3 ๙ 4

D3h (R) A ^ 'd ) È (1 ,R) e ' (1,R)

ü3 A 1 (R ) A2 ^  ^ E ( I,R ) E (I,R )

c A ' ( 1 , น ) A' ( I , R) A(1 ,R)+A( I ,R) A(I,R )+A(I,R )ร

There is  no change in  the se lection  ru le  in  going from 

the free carbonate ion ( po in t group 1) h) to c a lc ite  ( s ite  group D^)

li is  Raman ac tive , v ^ is  in fra re d  ac tive , both 0  and ^  are1 L, o 4
Raman and in fra red  ac tive . In aragonite ( s ite  group ), \J ^  and 

are botli Raman and in fra red  ac tive , both and appear as 

doublets in  the in fra red  and Raman. As Table 3 ind ica tes , the 

observed spectra are in good agreement w ith the p red ie tions( 30 ) .

The Eactor-group Approximation.

Bhagavantam and Venkatarayudu ( 3 1 ) f i r s t  developed th is  

treatment in  1 9 3 9 .  The assumption of the fa c to r group approximation 

is  complete v ib ra tio n a l coupling. This is  sometimes ca lled  

the u n it c e l l approach. The term 1 u n it c e l l approach ' arises from 

fu rth e r assumption of th is  method tha t the frequencies of the 

c rys ta l may he determined cy considering only the atoms contained 

in  a s ing le  u n it c e l l .  The u n it c e ll is  the smallest c o lle c tio n  of 

atoms, a l l  the o s c illa t io n s  of tile u n it c o ll represent tile smallest 

set of v ib ra tio n s . The o s c illa t io n s  of the c ry s ta l,  then, are the 

o s c illa t io n s  of a u n it c e l l ca rried  through the c ry s ta l by the 

operations of tra n s la tio n . The observed frequencies in  the 

v ib ra tio n a l spectra of c rys ta ls  are presumed to re s u lt from the
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m o t io n s  o f  a l l  a to m s in  th e  u n i t  c e l l  ( and h e n c e  th e  w h o le  c r y s t a l  ) ,  
n o t  from  t h e  i s o l a t e d  m o t io n s  o f  i n d i v i d u a l  m o l e c u l e s .

The grou p  w h ich  d e s c r i b e s  th e  sym m etry o f  a s i n g l e  u n i t  
c e l l  i s  a f i n i t e  f a c t o r  g ro u p  o f  th e  c r y s t a l * ร s p a c e  g r o u p . In  
te r m s o f  th e  m a th e m a tic s  o f  g ro u p  t h e o r y ,  t h e  f a c t o r  gro u p  i s  
form ed  from  t h e  c o s e t s  o f  t h e  i n v a r i a n t  su b g ro u p  c o m p r is e d  o f  th e  
t r a n s l a t i o n a l  e le m e n t s  o f  th e  s p a c e  g r o u p . The e f f e c t  i s  t h a t  a l l  
t h e  t r a n s l a t i o n a l  e le m e n t s  o f  t h e  s p a c e  grou p  form  th e  i d e n t i t y  
e le m e n t  o f  th e  f a c t o r  g r o u p . H ow ever, in  a c t u a l  p r a c t i c e  on e n e v e r  
n e e d s  to  d e r i v e  t h e  f a c t o r  grou p  from  th e  s p a c e  g r o u p , and 
k n o w le d g e  o f  t h e  m a th e m a tic s  in v o lv e d  i s  n o t  r e q u i r e d .  The r e a s o n  
i s  t h a t  t h e  f a c t o r  g ro u p  i s  a lw a y s  iso m o r p h o u s  w ith  on e o f  th e  
t h i r t y - t w o  p o in t  g r o u p s .  F u r th e r m o r e , t h e  iso m o r p h o u s  p o in t  grou p  
may be i d e n t i f i e d  by d e l e t i n g  t h e  s u p e r s c r i p t  from  th e  S c h o e n f l i e s  
n o t a t i o n  o f  t h e  s p a c e  g r o u p . F or e x a m p le , i f  th e  s p a c e  grou p  i s  
th e n  th e  f a c t o r  g ro u p  i s  and th e  c h a r a c t e r  t a b l e  w ould
b e u se d  a s  th e  c h a r a c t e r  t a b l e  f o r  th e  f a c t o r  g r o u p . A lth o u g h  th e  
c h a r a c t e r  t a b l e s  f o r  th e  f a c t o r  g r o u p s  and p o in t  g r o u p s  a r e  
i d e n t i c a l ,  th e  r o t a t i o n  a x i s  and th e  r e f l e c t i o n  p la n e  i n  th e  
p o in t  grou p  c o r r e s p o n d  r e s p e c t i v e l y  t o  t h e  sc r e w  a x i s  and th e  
g l i d e  p la n e  in  t h e  f a c t o r  g r o u p .

The f a c t o r  grou p  a p p r o x im a t io n  may be a c c o m p lis h e d  by u s in g  
c o r r e l a t i o n  c h a r t .  The o n ly  r e q u ir e m e n ts  a r e  k n o w led g e  o f  th e  
s p a c e  g r o u p , s i t e  gro u p  and m o le c u la r  p o in t  g r o u p . F or any p o ly a to m ic  
m o le c u le s  o r  i o n s ,  t h e  number o f  norm al m odes and t h e i r  s y m m e tr ie s  
a r e  d e te r m in e d  f i r s t  by u s in g  t h e  p o in t  grou p  f o r  th e  f r e e  s p e c i e s .
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The sym m etry s p e c i e s  und er t h e  p o in t  g ro u p  a r e  th e n  c o r r e l a t e d  t o  
t h e  sym m etry s p e c i e s  o f  th e  s i t e  grou p  o f  th e  p o ly a to m ic  m o le c u le s  
o r  i o n s ,  w h ich  a r e  th e n  c o r r e l a t e d  t o  t h e  sym m etry s p e c i e s  o f  th e  
f a c t o r  g r o u p .

F or e x a m p le , p o ta s s iu m  c h r o m a te , K^CrO^, h a s  s p a c e  grou p  
sym m etry D ^ ij(P n m a ) w ith  fo u r  fo r m u la  u n i t s  p er  u n i t  c e l l .  The 
f a c t o r  grou p  i s  D01 .  The X -r a y  d a ta  r e v e a l  t h a t  th e  p o ta s s iu m  io n s  
and ch ro m a te  io n s  o ccu p y  Cg s i t e s  s o  th e  s i t e  grou p  i s  Cg . The 
m o le c u la r  p o in t  g ro u p  i s  The c o r r e l a t i o n  o f  th e  f r e e  ch ro m a te
io n  sym m etry s p e c i e s  u n d er T^ t o  th e  s p e c i e s  und er s i t e  grou p  
sym m etry Cg and f a c t o r  g ro u p  sym m etry i s  shown in  t h e  c o r r e l a t i o n
d ia g ra m  ( T a b le  4 ) .

T a b le  4 .  C o r r e la t io n  d ia g ra m  o f  p o ta s s iu m  c h r o m a te .

M o le c u la r  
p o in t  grou p  

T j

S i t e  grou p F a c to r  grou p

2h
-

A + g B„ +3g B . + lu B3น

A +e B„ + 3g B . + lu B3 u

B. + Ig B3 g + A + น B2น

- A +- g B 2e* Bฯ +lu ธ3น

- B + 1g B3 ร* A + น B2 น

A ,  ๙ 1 )

(R) ( R ,I )

are in fra red  active except Au .

N o t e .  I n  D m o d e s  w i t h  s u b s c r i p t  g  a r e  Raman a c t i v e ,  m o d e s  w i t h  น2h ’
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under a p a r t ic u la r  sy a a e tr y  may be d iv id e d  betw een  two or more 
s p e c ie s  under a n o th er  sym m etry, and d e g e n e r a c ie s  may be e l im in a te d  
in  th e  c o r r e la t io n  p ro c ess*  The s p l i t t i n g  o f  f r e q u e n c ie s  f o l lo w s  
th e  s p l i t t i n g  o f  th e  s p e c i e s .  I t  i s  r e a l i z e d  th a t  th e  number o f  
modes i s  u n a ffe c te d  by th e  c o r r e la t io n ;  o n ly  th e  nunber o f  f r e q u e n c ie s  
and t h e i r  d e g e n e r a c ie s  are a f f e c t e d .

The r e la t i o n s h ip  betw een  r e p r e s e n ta t io n s  o f  th e  m o lecu la r
p o in t  grou p , s i t e  group and f a c t o r  group i s  found by c o n s id e r in g
th e  c h a r a c te r  t a b l e s  o f  them . The c h a r a c te r  t a b le s  o f  th e
m o le c u la r  p o in t  group T, and s i t e  group c are com pared, th eร 8
symmetry e lem en t w hich  o cc u rs  in  both  grou ps i s  6 ^ . Under t h i s  
symmetry e le m e n t , A  ̂ in  T  ̂ co rresp o n d s  to  A in  Cg b eca u se  th ey  
have th e  same c h a r a c t e r .  E in  T  ̂ co rresp o n d s  to  A + A in  c ^ .
T0 in  T  ̂ c o r r e sp o n d s  to  2A + A in  c ^ .

T able 5 C h a racter  t a b le  f o r  Cg .

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

c  (h=2 ) E
A 1 1 x ,y ,R z X2 , y?  z 2 , xy
A* 1 - 1 z ' s x ' Br y z ,  x z

T able 6 C h a racter  t a b le  fo r  T^.

1 Té (h=24) E 8C3 3 C 2 6 s 4 6 <
A. 1 1 1 1 1 4๗ 4๗ 4๗

X  +y +z1 -
A_ 1 1 1 - 1 -12 , 2 2 (x  - y  »E 2 - 1 2 0 0

2 z 2 -  X 2  - y 2 )

T1 3 0 -1 1 - 1 ‘พ V
Ta2 3 0 -1 -1 1 ( x .  y .  z  ) (x y , x z ,  y z  )
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Then th e  c h a r a c t e r  t a b l e  o f  t h e  s i t e  g r o u p  i s  

compared  w i t h  t h e  f a c t o r  g r o u p  น211 . As d e s c r i b e d  above ,  

each r e p r e s e n t a t i o n  u n d e r  6^ i n  Cg and i n  ช2 k i s

o r r e l a t e d  and t i l e  r e s u l t  i s  as shown i n  T a b l e  4 .

T a b l e  7 .  C h a r a c t e r  t a b l e  f o r  บ ,,,2h

บ 0h (h = 8 ) E c 2 ( z ) Q / y ) c 2 ( x ) i < f ( x y ) ^( x z  ) ^ ( y z )

A
g

1 1 1 1 1 1 1 1
2 2 2 

X , y  ,z
8 1 

I g
1 1 “ 1 - 1 1 1 ~1 - 1 Rz x y

B,,2 e 1 1 - 1 1 - 1 1 - 1 Ry x z

B_
3g

1 - 1 - 1 1 1 - 1 - 1 1 RX y z
A

u
1 1 1 1 - 1 - 1 - 1 - 1

Bl u 1 1 - 1 - 1 - 1 - 1 1 1 z

B.,2 น 1 - 1 1 - 1 - 1 1 - 1 1 y

B ,3u 1 - 1 - 1 1 - 1 1 1 - 1 X

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

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

Hainan and i n f r a r e d  f r e q u e n c i e s  f o r  p o t a s s i u m  c h r o m a te  and 

t h e i r  a s s ig n m e n t s  a re  g i v e n  i n  T a b le  8 .

T a b l e  8 .  V i b r a t i o n a l  f r e q u e n c i e s  o f  p o t a s s i u m  c h r o m a t e (3 0 )

R a m a n  

f r e q u e n c i e s  

A W ( c m  ' )

I n f r a r e d

f r e q u e n c i e s

v / ( c m ~ ' )

---------------- ------------1

A s s i g n m e n t

1 9 1 8  ( B i g ) 9 3 6
9 0 3  ( A g ) 9 1 0

1 8 8 1  ( B i g )  
8 7 8  ( B i g )  
8 7 6  ( B i g )

8 8 3 p j

8 6 7 ( A g ) 8 5 9
8 5 1  ( A g ,  B i g ) 8 5 0 P i
3 9 6  ( A g ,  B i g ) 3 9 8
3 9 2  ( B i g )  
3 8 7  ( B j g )

P 4

3 8 6  ( A g ,  B i g )  
3 5 0  ( B i g ,  B i g )

3 8 2

3 4 6  ( B 3g)  
3 4 5  ( A g )

3 4 2 P i
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Three types of symmetry: the molecular symmetry ( symmetry 

of the free molecule as given by i t s  pe in t group ), the s ite  

symmetry ( loca l symmetry of the c ry s ta ll in e  environment around 

the center o f g ra v ity  of the molecule in  the u n it c e l l  ) , and the 

fac to r group symmetry ( symmetry of a s ing le  u n it c e l l ) are 

re la ted  to each other. The essentia l symmetry re la tio n sh ip  is  that 

the s ite  grouj) must be a subgroup of both the molecular po in t group 

and the fa c to r group. This symmetry re s tr ic t io n  leads to some 

general re la tio nsh ips  between s ite  group and fa c to r group se lection 

ru le s , thus ะ

a) A molecular mode cannot be active in  the c ry s ta l i f  i t  

is  forbidden by the s ite  symmetry.

b) I f  a mode is  active according to the s ite  group symmetry 

i t  w i l l  give at least one active component under the fa c to r group 

se lection  ru le s .

c) A v ib ra tio n  which degenerates under the s ite  group 

remains so under fac to r group.

C la s s ific a tio n  of the O ptica l Modes.

The o p tica l modes of v ib ra tio n  of molecular io n ic  c rys ta ls  

cun be c la s s if ie d  in to  three types ( 32)

1. The I onic Modes.

The anion and the cation are considered as r ig id  point 

ions which are bound to each other by ion ic  forces. The normal 

v ib ra tio n a l Diodes consist of the motions of the anion and the cation, 

f a l l  in  low frequency because of the weak ion ic  forces.
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2 .  The C o v a le n t  M odes»

The a tom s a r e  bound t o g e t h e r  i n t o  m o le c u la r  u n i t s  by 
in t r a m o le c u la r  f o r c e s  t h a t  a r e  c o v a l e n t .  The norm al v i b r a t i o n a l  
m odes c o n s i s t  o f  t h e  i n t e r n a l  m o tio n s  o f  atom s in  th e  c o v a l e n t l y  
bound m o le c u la r  u n i t s ,  r e s u l t  in  th e  d e fo r m a t io n  o f  t h e  m o le c u la r  
u n i t s  and f a l l  i n  h ig h  f r e q u e n c y .

3 .  The R o t a t io n a l  M od es.

The a n io n  i s  c o n s id e r e d  a s  a  r i g i d  r o t a t o r .  T h ese  
norm al m odes a r e  due t o  th e  r o t a t i o n  o f  th e  a n io n  arou n d  i t s  c e n t e r  
o f  m ass and f a l l  i n  low  f r e q u e n c y .  T h ese  m odes a r e  n e i t h e r  i o n i c  
m odes s i n c e  t h e r e  i s  no r e l a t i v e  m o tio n  o f  t h e  c e n t e r  o f  m ass o f  
t h e  a n io n  and t h e  c a t i o n ,  n o r  c o v a le n t  m odes s i n c e  t h e r e  in  no 
d e fo r m a t io n  o f  th e  a n io n .

In  som e c a s e s ,  th e  m odes o f  v i b r a t i o n  may be c l a s s i f i e d  i n t o  
tw o t y p e s .

a ) The l a t t i c e  m odes o r  e x t e r n a l  m odes w h ich  c o r r e s p o n d  to  
i o n i c  and r o t a t i o n a l  m o d es . T h ese  m odes h a v e  low  f r e q u e n c y .

b) The i n t e r n a l  m odes w h ich  c o r r e s p o n d  t o  th e  c o v a l e n t  m o d es. 
T h ese  m odes h a v e  h ig h  f r e q u e n c y .

Ionic mode 

>

Rotationol modes

0  N O j o Potassium  ©  N itrogen •  Oxygen

F ig u r e  4 .  The t h r e e  t y p e s  o f  norm al m odes o f  v i b r a t i o n  in  KNOj
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T h eo ry  o f  I n v e s t i g a t i o n  T e c h n iq u e s  

I n f r a r e d  S p e c t r o s c o p y .

I n f r a r e d  s p e c t r o s c o p y  i n v o l v e s  c h a n g e s  in  r o t a t i o n a l ,  
v i b r a t i o n a l  e n e r g y  l e v e l s  o f  a m o le c u le ,  io n  o r  r a d i c a l  a f t e r  
t h e  a b s o r p t io n  o f  e n e r g y  o r  t h e  e m is s io n  o f  in f r a r e d  r a d i a t i o n  o f  
s p e c t r a  in  t h e  e x c i t e d  s t a t e s .

From c l a s s i c a l  t h e o r y ,  a  v i b r a t i n g  s y s te m  ca n  a b so r b  e n e r g y  
f r o n  a s e r i e s  o f  im p u ls e s  ( r a d i a t i o n  ) o n ly  i f  t h e  im p u ls e s  s t r i k e  
th e  s y s te m  w ith  a f r e q u e n c y  t h a t  i s  n e a r  th e  n a t u r a l  f r e q u e n c y  o f  
t h e  v i b r a t o r .  From quantum  t h e o r y ,  a m o le c u le  w i l l  a b so r b  r a d ia n t  
e n e r g y  i f  th e  v i b r a t i o n a l  f r e q u e n c y  o f  t h e  m o le c u le  i s  t h e  sam e a s  
t h e  f r e q u e n c y  o f  t h e  r a d i a t i o n ,  and i f  th e  v i b r a t i o n  p r o d u c e s  a 
c h a n g e  in  d i p o l e  m om ent. The v i b r a t i o n s  a r e  n o t  random  e v e n t s  b u t  
ca n  o c c u r  o n ly  a t  s p e c i f i c  f r e q u e n c i e s  g o v e r n e d  by th e  a to m ic  m a sse s  
and s t r e n g t h  o f  t h e  c h e m ic a l  b o n d s , t h i s  ca n  be e x p r e s s e d  a s  ะ

\J  = _ 1 ____ [ Î T
2 7/ c V “1.

i s  t h e  fr e q u e n c y  o f  th e  v i b r a t i o n ,  
c  i s  t h e  v e l o c i t y  o f  l i g h t  .
K i s  t h e  f o r c e  c o n s t a n t  •
■ 11 i s  t h e  r e d u c e d  m ass o f  t h e  a to m s .

S e l e c t i o n  R u le  f o r  I n f r a r e d  S p e c t r a .

The s e l e c t i o n  r u l e  f o r  th e  in f r a r e d  s p e c t r a  i s  d e te r m in e d  
by t h e  i n t e g r a l  ะ

o w  -  j  I ' M *  / ■  *  0
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i s  th e  d ip o le  moment in  th e  ground s t a t e .
L jy i s  th e  v ib r a t io n a l  e ig e n f u n c t io n .

V  V are  th e  v ib r a t io n a l  quantun numbers b e fo r e  and a f t e r  th e  t r a n s i t i o n .  
C l  i s  normal c o o r d in a te .

By r e s o lv in g  th e  d ip o le  moment in t o  th r e e  com ponents in  th e  
X, y and z d i r e c t i o n s ,  th e  r e s u l t s  a re :

i s  in fr a r e d  a c t i v e .  I f  a l l  th e  i n t e g r a l s  are z e r o , th e  v ib r a t io n  i s  
in fr a r e d  i n a c t i v e .

n o t zero  from a c o n s id e r a t io n  o f  sym m etry. For fu nd am en tal t r a n s i t i o n s  
(b etw een  ground s t a t e  v= 0 and a f i r s t  e x c i t e d  s t a t e  V  = 1 ) ,  y^(Q) i s
in v a r ia n t  under any symmetry o p e r a t io n , and th e  symmetry o f  ‘/ '1(Q) i s  
th e  same as t h a t  o f  Q. Thus th e  in t e g r a l  i s  n o t z e ro  when th e  
symmetry o f  j i A x , fo r  exam p le , i s  th e  same as th a t  o f  Q. I f  th e  symmetry 
p r o p e r t ie s  o f y ^  and Q d i f f e r  in  even  one symmetry e le m e n t o f  th e  
g rou p , th e  i n t e g r a l  i s  z e r o .  In o th er  w ords, th e  i n t e g r a l  i s  n o t  
z e r o  when Q b e lo n g s  to  th e  same s p e c ie s  as

The norm al modes o f  v ib r a t io n  in  carbon d io x id e  a re  shown in  
F ig u r e  5 .  The in d iv id u a l  n u c le i  c a r r y  ou t a s im p le  harm onic m otion  
in  th e  d ir e c t io n  in d ic a te d  by th e  arrow . The ^ v i b r a t i o n s  in  C(>2 

( v*2 aand l/ ) have e x a c t ly  th e  same freq u en cy  so  th ey  a re  d ou b ly  
d e g e n e r a te  v ib r a t i o n s .

[ ^ ' j v V  = | V (< !)A ^ (Q) dQ

I f  one o f  th e s e  i n t e g r a l s  i s  n o t z e r o , th e  norm al v ib r a t io n

I t  i s  p o s s ib le  to  d e c id e  w hether th e  i n t e g r a l s  a re  z e r o  or

In th e  sym m etric s t r e t c h in g  mode น เ,th e r e  w i l l  be no change in
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t h e  d i p o l e  moment a s  t h e  two n e g a t i v e  c e n t e r s  Clove e q u a l l y  i n  
O p p o s i t e  . d i r e c t i o n s  from t h e  p o s i t i v e  c e n t e r .  The iV 2 and v ' j V i b t a t i s n s  
a r e  i n f r a r e d  a c t i v e ,  s i n c e  t h e y  r e s u l t  i n  a cha n ge  i n  t h e  d i p o l e  
moment d u r i n g  t h e  v i b r a t i o n .

ข c
« s y m m e t r i c a l  s t r e t c h i n g

$ -----------------Î ----------------- i

a n t i s y m m e t r i c a l  s t r e t c h i n g

< ~ o -----------------® —> — 4 - c b e n d in g

F i g u r e  5 .  Normal modes o f  v i b r a t i o n  i n  c a r b o n  d i o x i d e .
(+ and -  d e n o t e  t h e  v i b r a t i o n s  g o i n g  upward and downward,  
r e s p e c t i v e l y ,  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  p a p e r )

Raman S p e c t r o s c o p y .

Raman s c a t t e r i n g  d e p e n d s  on t h e  c o l l i s i o n  o f  a quantum of 
i n d i c e n t  l i g h t  w i t h  a m o l e c u l e .  The m o l e c u l e  can  be i n d u c e d  by t h e  
c o l l i s i o n  to  u n d e rg o  a p u r e  r o t a t i o n a l ,  a v i b r a t i o n a l  o r  a 
r o t a t i o n - v i b r a t i o n  c h a n g e .  The s c a t t e r e d  l i g h t  l ias a d i f f e r e n t  
f r e q u e n c y  from t h a t  o f  t h e  i n c i d e n t  l i g h t ,  and t h e  d i f f e r e n c e  
c o r r e s p o n d s  t o  t h e  e n e r g y  c h a n g e  which h as  t a k e n  p l a c e  w i t h i n  t h e
m o le c u le
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บ

ç 1a s s i c a l  T heo ry  o f  t h e  Raman E f f e c t .  ( 3 3 )

When a m o l e c u l e  i s  p u t  i n t o  a l i g h t  wave o r  e l e c t r i c  f i e l d ,  
i t  s u f f e r s  some d i s t o r t i o n ,  t h e  p o s i t i v e l y  c h a r g e d  n u c l e i  b e in g  
a t t r a c t e d  t o w a r d s  t h e  n e g a t i v e  p o l e  o f  t h e  f i e l d ,  t h e  e l e c t r o n s  t o  t h e  
p o s i t i v e  p o l e .  T h i s  s e p a r a t i o n  o f  c h a r g e  c e n t e r s  c a u s e s  an i n d u c e d  
e l e c t r i c  d i p o l e  moment t o  be s e t  up i n  t h e  m o l e c u l e  and t h e  Biolecule  
i s  p o l a r i z e d .  The m a g n i t u d e  o f  t h e  i n d u c e d  d i p o l e  moment O') d ep end s  
on t h e  m a g n i t u d e  o f  t h e  a p p l i e d  f i e l d  (E) and t h e  p o l a r i z a b i l i t y  
o f  t h e  m o l e c u l e  ( oC.) which  i s  a m easu rem en t  o f  how r e a d i l y  th e  
e l e c t r o n s  a r e  d i s p l a c e d  i n  t h e  f i e l d .

1 = <*. E

I f  a m o l e c u l e  i s  n o t  e l e c t r o n i c a l l y  i s o t r o p i c  t h e  m a g n i t u d e  
o f  t i le  i n d u c e d  d i p o l e  moment w i l l  be d i f f e r e n t  a l o n g  t h e  e l e c t r i c  
f i e l d  co m p o n en t .  The i n d u c e d  d i p o l e  moments a r e  w r i t t e n  ะ

p = ๐0 E + o C E + <ะ ^ E
X X X X xy y XZ Z

p — o£ E + E + Ey yx X y y y ๐6 yz Z
p — owl. E + E + E

z zx X zy y ^  Z Z Z

In  t h e  oc . e l e m e n t s  5 t i l e  i  s u b s c r i p t  d e n o t e s  t h e  d i r e c t i o n  i j
o f  t h e  i n d u c e d  d i p o l e  moment by t h e  o s c i l l a t i n g  e l e c t r i c  f i e l d  
com po n en t  i n  t h e  j  d i r e c t i o n ,  o .̂ ะะ0'1.. .i  j  j i

The p o l a r i z a b i l i t y  i n  v a r i o u s  d i r e c t i o n s  a r e  r e p r e s e n t e d  by 
a p o l a r i z a b i 1 i t y  e l l i p s o i d  which  i s  a t h r e e - d i m e n s i o n a l  s u r f a c e  
wtiose d i s t a n c e  from t h e  e l e c t r i c a l  c e n t e r  o f  t h e  m o l e c u l e ( t h e  c e n t e r  
o f  g r a v i t y )  i s  p r o p o r t i o n a l  t o  l / j ~  , where  i s  t h e
p o l a r i z a b i l i t y  a l o n g  t h e  l i n e  j o i n i n g  p o i n t  i  on t h e  e l l i p s o i d
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w ith  th e  e l e c t r i c a l  c e n t e r .

For exam p le , a d ia to m ic  m o lecu le  , H2 , i s  shown in  F ig u r e  6 ,  
The p o l a r i z a b i l i t y  i s  a n i s o t r o p ic ,  th e  é l e c t i o n s  form in g  th e  bond 
a re  more e a s i l y  d is p la c e d  by an e l e c t r i c  f i e l d  a p p lie d  a lo n g  th e  
bond a x i s  th an  one a c r o s s  t h i s  d i r e c t i o n .  The in d u ced  d ip o le  moment 
f o r  a g iv e n  f i e l d  a p p lie d  a lo n g  th e  a x i s  i s  a p p ro x im a te ly  tw ic e  
a s la r g e  a s t h a t  in d u ced  by th e  same f i e l d  a p p lie d  a c r o s s  th e  a x i s ,  
f i e l d s  in  e th e r  d ir e c t io n s  in d u ce  in te r m e d ia te  d ip o le  moments.

ฬ H-----------H H H

(J>)

F ig u r e  6 .  The hydrogen  m o lecu le  and i t s  p o l a r i z a b i l i t y  e l l i p s o i d  
se e n  from  two d ir e c t io n s  a t r ig h t  a n g le s .

When a m o le c u le  i s  put in t o  an in c id e n t  beam o f  fr e q u e n c y  ^0  
th e  e l e c t r i c  f i e l d  (E) i s  e x p r e s se d  in  term s o f  an a m p litu d e  o f  wave(E ) 
and a tim e d ep en d en t term .

E = E c o s  ( 2  i f  ๙ t  )

s in c e  p = << E
so  P = oC E c o s  ( 2 1 f  \J0 1 )

For a v ib r a t in g  m o le c u le , th e  m o lecu la r  p o l a r i z a b i l i t y  o c  1 
a ls o  v a r ie s  w ith  t im e .
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For a d ia t o n ic  m o le c u le , th e  p o l a r i z a b i l i t y  i s  a p p ro x im a te ly  
a l in e a r  fu n c t io n  o f  th e  bond le n g t h .  In t e r n s  o f  th e  d isp la c e m e n ts  
from th e  e q u il ib r iu m  bond le n g t h .

oc = uC + /  /ๆ ) oC \ Q +
Q1 1°

Qj i s  a d isp la c e m e n t c o o r d in a te ,  i t s  v a lu e  i s  z e r o  in  th e  
e q u il ib r iu m  c o n f ig u r a t io n .

๙-0 i s  th e  p o l a r i z a b i l i t y  in  th e  e q u il ib r iu m  c o n f ig u r a t io n  
o f th e  m o le c u le .

/ \ j s  th e  r a t e  o f  change o f  th e  p o l a r i z a b i l i t y  w ith  change
\ ^  Q. Lin  th e  bond le n g t h .

S in c e  th e  m o lecu le  i s  v ib r a t in g  w ith  th e  fr e q u e n c y  1/  , 
th e  d isp la c e m e n t Qj i s  a l s o  a fu n c t io n  o f  t im e .

Q1 c o s ( 2 7J ^ t  )

Q1 i s  th e  maximum v a lu e  o f th e  d isp la c e m e n t from th e  
e q u ilib r iu m  bond le n g t h .

P = E c o sso  1 (2  71 v it )  | * 0 + Q °ces (2  t )
=EcCces(2 lfi/t)+ E  o W  jc o s  (2  1Ï li t ) c o s ( 2  7โ t/ t )

0 0 c  ° 1 0^1 o

th en

oô O O IVQQ-' 0 0 ^
n om etr ic  i d e n t i t y
c c o s  Ÿ  -  _L c o s (  oi + ^ ) +  c o s  ( ๙ -  p  )J, 

p= EoCoC os(2  "̂vi t )  + l_ E Q j c o s ( 2  7f ( V + V ) t j+ c o s ^ 2
2 J

U sin g  th e  tr ig o n o m e tr ic  i d e n t i t y  
cosoc c o s

The f i r s t  term ©ท th e  r ig h t-h a n d  s id e  o f  e q u a t io n  c o n ta in s  
o n ly  one freq u en cy  ( th e  in c id e n t  r a d ia t io n  ) .  The secon d  te r n  
c o n ta in s  two fr e q u e n c ie s  : ( v/fl + v) ) ; th e  S to k e s  l i n e s  and ( V — vi ) 
a n t i - S t o k e s  l i n e s .  One f a i l u r e  o f th e  c l a s s i c a l  th e o r y  i s  th e  p r e d ic t io n  
th a t  th e  i n t e n s i t i e s  o f  S to k e s  and a n t i - S t o k e s  l i n e s  are th e  sam e.
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Quantum Theo ry  o f  t h e  Raman E f f e c t  (33)

The Raman e f f e c t  a r i s e s  when a beam o f  i n t e n s e  m onochrom at ic  
r a d i a t i o n  p a s s e s  t h r o u g h  m o l e c u l e s  t h a t  can  u n d e rg o  a c han ge  i n  
m o l e c u l a r  p o l a r i z a b i l i t y  a s  t h e y  v i b r a t e .

The r a d i a t i o n  i s  made up o f  a s t r e a m  o f  p h o t o n s  o f  e n e r g y  111/ . 
The s c a t t e r i n g  o f  r a d i a t i o n  by m o l e c u l e s  i s  p i c t u r e d  i n  t e r m s  o f  
c o l l i s i o n s  o f  t h e s e  p h o t o n s  w i t h  t h e  m o l e c u l e s .  T h e r e  a r e  two t y p e s  
o f  c o l l i s i o n s ,  e l a s t i c  and i n e l a s t i c .  In  t h e  e l a s t i c  c o l l i s i o n s ,  
t h e  p h o t o n s  n e i t h e r  g a i n  e n e r g y  frou.  n o r  l o s e  e n e r g y  t o  t h e  m o l e c u l e .  
The s c a t t e r e d  p h o t o n s  s t i l l  have  e n e r g y  h V f ) . T h i s  i s  c a l l e d  
R a y l e i g h  s c a t t e r i n g .  In  t h e  i n e l a s t i c  c o l l i s i o n s ,  t h e  p h o t o n s  
g a i n  e n e r g y  from o r  l o s e  e n e r g y  t o  t h e  m o l e c u l e .  The e n e r g y  i s  
c o n s e r v e d  d u r i n g  t h e  c o l l i s i o n s , so

๗ 9 + £ 0 = h  J 1 + E*

The z e r o  s u b s c r i p t s  r e f e r  t o  t i l e  p r o p e r t i e s  b e f o r e  c o l l i s i o n ,  w h i l e  
p r im ed  q u a n t i t i e s  r e f e r  t o  t h e  p r o p e r t i e s  a f t e r  t h e  c o l l i s i o n .

( Eo-  E* ) /  h = ( -  ^ 0 )

In  most  s t u d i e s  o f  Raman s c a t t e r i n g ,  t h e  c h a n g e s  i n  t h e  
i n t e r n a l  e n e r g y  ( EQ-  E ' )  r e s u l t  from c h a n g e s  i n  t h e  v i b r a t i o n a l  
e n e r g y  o f  t h e  m o l e c u l e s .

A s i m p l i f i e d  e n e r g y  l e v e l  
shown in  f i g u r e  7 .  The v i b r a t i o n a l  
i s  d e s i g n a t e d  \ J , and t h e  m o l e c u l e  
w here  V i s  t h e  v i b r a t i o n a l  quantum

d ia g ra m  f o r  t h e  Raman e f f e c t  i s
f r e q u e n c y  o f  a d i a t o m i c  m o l e c u l e
h a s  v i b r a t i o n a l  e n e r g y  (v  +-1 ) 1พ 1

2
num ber .

mr
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a m o l e c u l e ,  t h e  b u l k  o f  t h e  r a d i a t i o n  i s  t r a n s m i t t e d .  Some may
be a b s o r b e d ,  r e f r a c t e d  o r  d i f f r a c t e d .  A s m a l l  f r a c t i o n  o f  t h e
r a d i a t i o n  i s  e l a s t i c a l l y  s c a t t e r e d  i n  a l l  d i r e c t i o n s ( c a l l e d
R a y l e i g h  s c a t t e r i n g ) .  The f r a c t i o n  o f  t h e  r a d i a t i o n  t h a t  i s
i n e l a s t i c a l l y  s c a t t e r e d  g i v e s  Raman e f f e c t  which  i n v o l v e s  a
q u a n t i z e d  e x c h a n g e  o f  e n e r g y  b e tw een  t h e  m o l e c u l e  and t h e  i n c i d e n t
r a d i a t i o n .  The i n c i d e n t  r a d i a t i o n  e l e v a t e s  t h e  m o l e c u l e  t o  a
q u a s i - e x c i t e d  s t a t e  whose h e i g h t  above t h e  i n i t i a l  e n e r g y  l e v e l
e q u a l s  t h e  e n e r g y  o f  t h e  e x c i t i n g  r a d i a t i o n ,  on t h e  r e t u r n  t o  t h e
g ro u n d  s t a t e ,  a v i b r a t i o n a l  quantum o f  e n e r g y  may r e m a i n  w i t h
t h e  m o l e c u l e .  T h e re  i s  a d e c r e a s e  i n  t h e  f r e q u e n c y  o f  t h e  s c a t t e r e d
r a d i a t i o n ,  h(\J  -  V. ) . T h i s  i s  S t o k e s  Raman s c a t t e r i n g .  I f  t h e  o 1
s c a t t e r i n g  m o l e c u l e  i s  a l r e a d y  in  an e x c i t e d  v i b r a t i o n a l  l e v e l  
o f  t h e  g round  s t a t e ,  a v i b r a t i o n a l  quantum o f  e n e r g y  may be 
e m i t t e d  from t h e  m o l e c u l e ,  l e a v i n g  i t  i n  a l ow e r  v i b r a t i o n a l  l e v e l ,  
and t h u s  i n c r e a s i n g  t h e  f r e q u e n c y  o f  t h e  s c a t t e r e d  r a d i a t i o n ,  
h N o + v'1 ) which  i s  a n t i - S t o k e s  Raman s c a t t e r i n g .

Q u a s i - c x c  i  t e d  
s t a t e

h iMi V

S t o k e s  R a y l e i g h  A n t i - S t o k e s

F i g u r e  7,. E nergy  l e v e l  d i a g r a m  i l l u s t r a t i n g  t h e  f u n d a m e n t a l
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At o rd in a ry  tem p era tu re  th e  p o p u la t io n  o f  m o le c u le s  in  th e  
ground v ib r a t io n a l  s t a t e  i s  a lw ays mach g r e a te r  than  in  e x c i t e d  
v ib r a t io n a l  s t a t e ,  and so  th e  i n t e n s i t i e s  o f  th e  a n t i - S t o k e s  l i n e s  
w i l l  a lw ays b e 'v e r y  much w eaker than th o s e  o f  th e  S to k e s  l i n e s .

F ig u re  8 .  The i n t e n s i t i e s  o f th e  S to k e s , a n t i - S t o k e s  and 
R a y le ig h  l i n e s .

S e l e c t io n  R ule f e r  Raman S p e c tr a

The s e l e c t i o n  r u le  fo r  th e  Raman s p e c t r a  i s  d eterm in ed  by 
th e  i n t e g r a l  :

M v V  = 7 v " (Q) dQ
0 c  i s  th e  e l e c t r o n i c  p o l a r i z a b i l i t y  o f  th e  m o lecu le  and c o n s i s t s  

o f  six', com ponents ะ c*xx , Ve 7 7  1 <*2.2, , < * ^ 1  ' * 7 2 , a n i ๐^ z •

<̂ '' i s  th e  v ib r a t io n a l  e ig e n f u n c t io n .
y y j' are th e  v ib r a t io n a l  quantum numbers b e fo r e  and a f t e r  th e  t r a n s i t i o n .

)
i s  normal c o o r d in a t e .

By r e s o lv in g  in t o  s i x  com p on ents, th e  r e s u l t s  a re  ะ
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o  ] f  Y  ' (Q )o C '(Q) dQL  XX / พ ) 1 V XX 1 v
r  oc 'ไ '  "  -  (" If / ( Q ) ot บ ' '■ (Q) dQL yy J พ 1 /V yy 7v
[oC า *• z z  > ! h  -  [ vv I“ y ; (Q) dQ

I f  one o f  t h e s e  i n t e g r a l s  i s  n o t  z e r o ,  t h e  no rm a l  v i b r a t i o n  
i s  Raman a c t i v e .  I f  a l l  t h e  i n t e g r a l s  a r e  z e r o ,  t h e  v i b r a t i o n  i s  
Raman i n a c t i v e .

I t  i s  p o s s i b l e  t o  d e c i d e  w h e t h e r  t h e  i n t e g r a l s  a r e  z e r o  o r  
n o t  z e r o  from a c o n s i d e r a t i o n  o f  s y m m et ry .  The i n t e g r a l  i s  n o t  
z e r o  when t h e  p r o d u c t  o f  ^ ( Q ) 00 % ( Q )  i s  t o t a l l y  s y m m e t r i c  
( i n v a r i a n t  u n d e r  a l l  symmetry  o p e r a t i o n s  o f  t h e  m o l e c u l e ) .
In  o t h e r  w ords ,  a Raman t r a n s i t i o n  be tw een  two v i b r a t i o n a l  l e v e l s  
V and V IS a l l o w e d  i f  t h e  p r o d u c t  y^/(Q) y^ (c i )  h a s  t i l e  same
s p e c i e s  as a t  l e a s t  one o f  t h e  s i x  com po n en ts  c< a c  . . . . . . .

'  X X  ■> x y  7

F i g u r e  9 shows t h e  p o l a r i z a b i l i t y  c h a n g e s  w i t h  t h e  n o r a a l  
s i b r a t i o n a l  modes o f  t h e  c a r b o n  d i o x i d e  m o l e c u l e .  Only t h e  
s y m m e t r i c  s t r e t c h i n g ^ v i b r a t i o n  o f  c a r b o n  d i o x i d e  l e a d s  t o  a 
c h an g e  i n  t h e  p o l a r i z a b i l i t y ,  t h e  p o l a r i z a b i l i t y  e l l i p s o i d  becomes 
l a r g e r  and t i ien s m a l l e r  a t  t h e  f r e q u e n c y  o f  t h e  v i b r a t i o n .
For  t h e  a n t i s y m m e t r i c a l  s t r e t c h i n g  \ )  Mand b e n d in g  v i b r a t i o n s  
w hich  l e a d  to  a l o s s  i n  symmetry  o f  t h e  m o l e c u l e ,  t h e  p o l a r i z a b i l i t y  
w i l l  n o t  cha n ge  d u r i n g  t h e s e  v i b r a t i o n s .  At t h e  two e x t r e m e s  o f  a 
v i b r a t i o n ,  t h e  v i b r a t i o n a l  c o o r d i n a t e  Q w i l l  have  t h e  same a b s o l u t e  
v a l u e  b u t  o p p o s i t e  s i g n s .  The s h a p e  o f  t h e  m o l e c u l e  w i l l  be i d e n t i c a l  
a t  t h e  two e x t r e m e s .
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Figure9.

B e n d i n g «3

P o l a r i z a b i l i t y  c h a n g e s  d u r i n g  t h e  v i b r a t i o n s  o f  c a r b o n
dioxide
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D i f f r a c t i o n o f  X-Say

D i f f r a c t i o n  i s  a s c a t t e r i n g  phenomenon,  a  d i f f r a c t i o n  beam 
i s  a beam composed  o f  a l a r g e  number o f  s c a t t e r e d  r a y s  m u t u a l l y  
r e i n f o r c i n g  t o e  a n o t h e r .

D i f f r a c t i o n  e f f e c t s  w i t h  v i s i b l e  l i g h t  were  o b s e r v e d  lo n g  a g o .  
The g e o m e t r i c  p r i n c i p l e s  a r e  d e m o n s t r a t e d  i n  F i g u r e  10 .  A beam of 
l i g h t  p a s s e s  t h r o u g h  t h e  c l e a r  g l a s s  i n  ( a ) ,  t h e r e  i s  a s c r a t c h  
on t h e  g l a s s  which  s c a t t e r s  l i g h t ,  i n  ( b ) ,  t h e  o b s e r v e r  s e e s  a 
s c r a t c h .  The two p a r a l l e l  s c r a t c h e s  i n  (c )  b o th  s c a t t e r  l i g h t ,  b u t  
i n t e r f e r e n c e  can  o c c u r  be tw een  t h e  two s c a t t e r e d  r a y s ,  and t h e  
i n t e n s i t y  w i l l  depend  on t h e  a n g l e  be tw een  t h e  i n c i d e n t  r a y  and 
t h e  l i n e  o f  o b s e r v a t i o n .  Each o f  t h e  s c r a t c h e s  on t h e  g l a s s  i n  (d) 
w i l l  s c a t t e r  l i g h t ,  b u t  t h e  m u tua l  i n t e r f e r e n c e  o f  t h e s e  s c a t t e r e d  
r a y s  makes t h e  o b s e r v e d  i n t e n s i t y  z e r o  e x c e p t  n e a r  c e r t a i n  a n g l e s .

F i g u r e  10.  U tl น } : l i t  p a s s e s  t l n o n a h  r / ra r  { k l .  , \ :o n c  Vr a t t c r e d  t o  o b s e r v e r .  
(/') A  set ( I tc h  o n  t h e  a l i u s  s e n t i e r s  l i y l t t  to  o b s e r v e r .  (<•) R a i l  u n io n  s c a t t e r e d  h r

'•H a tc h e s  e x p e r i e n c e s  i n t r r j e i  e i t r e .  id)  A d i j / i i i c t i a n  af f ini ty.  S c a t t e r e d  
r a d ia t io n  o b s e r v e d  O ld} III CCI ta in  a n a le s .
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The d e r iv a t io n  o f  th e  a n g le s  a t  which th e  s c a t t e r e d  
i n t e n s i t y  i s  maximum i s  se e n  on F igu re  1 1 . The in c id e n t  ra y  makes 
a n g le  w ith  th e  d i f f r a c t i o n  g r a t in g .  B efore  r e a c h in g  th e  g r a t in g ,  
th e  in c id e n t  ray  CE t r a v e l s  fa r th e r  than  th e  in c id e n t  ray  AB , 
and a f t e r  p a s s in g  th e  g r a t in g ,  th e  s c a t t e r e d  ray  BG t r a v e l s  fa r th e r  
than  th e  s c a t t e r e d  ra y  EH. The d i f f e r e n c e  in  path  le n g th s  o f  th e  
r a y s  CDEH and ABFG i s  DE-BF, t h i s  d i f f e r e n c e  must be e q u a l to  a 
w hole number o f w a v e le n g th s  i f  th e  h igh  i n t e n s i t y  c h a r a c t e r i s t i c  
o f c o n s t r u c t iv e  in t e r f e r e n c e  i s  ob served  a t  a n g le  , w hich  i s  th e
a n g le  betw een  th e  s c a t t e r e d  ray  and th e d i f f r a c t i o n  g r a t i n g .  
T h e r e fo re , D E - B F  = ท ?v 1 where 7v i s  th e  w a v e len g th  o f  th e  
l i g h t  and ท i s  an i n t e g e r .  By s im p le  geom etry , DE = a c o s  ci 
and BF = a c o s  oc 1 where a i s  th e  r e p e a t in g  d is t a n c e ,  so

a ( c o s  -  c o s  ^  ) = ท Tv

T h is i s  th e  l in e a r  d i f f r a c t i o n  g r a t in g  fo r m u la .

F ig u re  1 1 . S c a t t e r in g  o f  l i g h t  by a d i f f r a c t i o n  g r a t in g  w ith
r e p e a t in g  d is t a n c e  a
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When a c r y s t a l  i s  in  th e  p ath  e f  X -r a y s , e le c t r o n s  w i l l  
v ib r a te  w ith  th e  freq u en cy  o f  th e  in c id e n t  ï - r a y s ,  a b so rb in g  en ergy  
and e m it t in g  i t  a s  X -ray s o f  th e  same freq u en cy  as th e  in c id e n t  
r a y s .  The e le c t r o n s  are s a id  to  s c a t t e r  th e  X -r a y s . T h e r e fo r e , th e  
atom as a w hole s c a t t e r s  th e  X -r a y s . A ll  atom s in  th e  p ath  o f  
X -ray s s c a t t e r  in c id e n t  X -ra y s in  a l l  d i r e c t i o n s .  In  some d ir e c t io n s  
th e  s c a t t e r e d  X -ray s i n t e r f e r e  w ith  and d e s tr o y  one e t h e r ,  but in  
some d ir e c t io n s  th e y  com bine to  form d i f f r a c t i o n  beam s.

The d i f f r a c t i o n  o f  X -ray s by c r y s t a l s  was d is c o v e r e d  by 
Max von Laue in  1 9 1 2 . He su g g e s te d  th a t  th e  p e r io d ic  s t r u c t u r e  o f  
a c r y s t a l  s i g h t  d i f f r a c t  X -ray s j u s t  as g r a t in g s  produce d i f f r a c t i o n  
p a t t e r n s  w ith  v i s i b l e  l i g h t .

S in c e  c r y s t a l s  a re  p e r io d ic  in  th r e e  d im e n s io n s , th r e e  
e q u a t io n s  are  r e q u ir e d  fo r  th e  d i f f r a c t i o n  c o n d i t io n s .

a ( c o s ot-o -  c o s c>c ) = h 7 v
b ( c o s h -  c o s 0 ) ร k A
c (c o s y -  c o s Y ) ร 1 A

oC 1 p  and r  a re  th e  a n g le s  betw een  th e  in c id e n t  X -ray beam 
and th e  u n i t  c e l l  a x es  a , b and c .

o c  1 p  and Y  are th e  a n g le s  betw een  th e  d i f f r a c t i o n  beam 
and th e  u n it  c e l l  a x es  a , b and c .

C o n s tr u c t iv e  in t e r f e r e n c e  w i l l  occu r o n ly  when h , k and 1 
a re  i n t e g e r s .  T hese e q u a t io n s  are c a l l e d  th e  Laue e q u a t io n s .
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S h o r t ly  a f t e r  th e  d is c o v e r y  o f  X -ray d i f f r a c t i o n ,  Bragg n oted  
t h a t  th e  d i f f r a c t i o n  o f  X -ray s by a c r y s t a l  i s  a n a lo g ou s to  th e  
r e f l e c t i o n  o f  l i g h t  by a p la n e  m irro r . I f  a c r y s t a l ,  w hich  has a 
s e t  o f  p a r a l l e l  p la n e s  w ith  e q u a l ly  sp a c in g  d , i s  in  th e  p ath  o f  
X -r a y s , (F ig u r e  1 2 ) ,  th e  p a r a l l e l  in c id e n t  X -rays make an a n g le  0 
w ith  th e s e  p la n e s ,  th e  r e f l e c t e d  beams a ls o  make an a n g le  6 w ith  
th e s e  p la n e s .  The r e f l e c t i o n s  from th e  p la n e s  w i l l  i n t e r f e r e  w ith  
each  o th e r , and th e r e  w i l l  be c o n s t r u c t iv e  in t e r f e r e n c e  o n ly  when 
th e  d i f f e r e n c e  in  p ath  le n g th  betw een r a y s  from th e  p la n e s  i s  eq u al 
to  a w hole number (ท) o f  w a v e len g th  ( A ) .  As in  F ig u re  1 2 , th e  
ray  s t r i k i n g  th e  secon d  p la n e  t r a v e l s  a d is t a n c e  AB + BC f a r t h e r  
than  th e  ra y  s t r i k i n g  th e  f i r s t  p la n e . These two r a y s  w i l l  be 
c o n s t r u c t iv e  in t e r f e r e d  o n ly  when th e  d is ta n c e  AB + BC i s  eq u a l 
to  ท A *

AB = BC = d s in  Q
AB + BC = 2 d  s in  e

ท A  = 2 d  s in  &
T h is r e l a t i o n  i s  known as th e  Bragg law .

F ig u r e  12 . An X -ray beam makes a n g le  0 w ith  a s e t  o f  p la n e s  w ith
in te r p la n a r  s p a c in g  d . For c o n s t r u c t iv e  in t e r f e r e n c e  ทX r 2dsin£
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The d i f f r a c t i o n  o f  -X-rays by c r y s t a l s  and th e  r e f l e c t i o n  o f  
v i s i b l e  l i g h t  by n ir r o r s  appear s i m i l a r ,  s in c e  in  b oth  phehomena 
th e  a n g le  o f  i n c id e n t  l i g h t  i s  eq u a l to  th e  a n g le  o f  r e f l e c t e d  l i g h t .  
However, d i f f r a c t i o n  and r e f l e c t i o n  d i f f e r  in  some a s p e c t s .

1 . The X -ray  d i f f r a c t i o n  beam from a c r y s t a l  i s  b u i l t  up o f  
r a y s  s c a t t e r e d  by a l l  th e  atom s o f  th e  c r y s t a l  w hich l i e  in  th e  path  
o f  th e  in c id e n t  beam. The r e f l e c t i o n  o f  v i s i b l e  l i g h t  ta k e s  p la c e
in  a th in  s u r fa c e  la y e r  o n ly .

2 .  The d i f f r a c t i o n  o f  X -rays ta k e s  p la c e  o n ly  a t  th o s e  
p a r t ic u la r  a n g le s  o f  in c id e n c e  w hich s a t i s f y  th e  Bragg la w .
The r e f l e c t i o n  o f  v i s i b l e  l i g h t  ta k e s  p la c e  a t  any a n g le  o f  in c id e n c e .

3 .  The i n t e n s i t y  o f  a d i f f r a c t i o n  beam i s  e x tr e m e ly  sm a ll  
compared to  th a t  o f  th e  in c id e n t  beam. The r e f l e c t i o n  o f  v i s i b l e  
l i g h t  by a m irror i s  a lm o st 100 p er c e n t e f f i c i e n t .

X-Ray Powder D i f f r a c t io n  M ethod.

One o f  th e  m ethods o f  o b ta in in g  d i f f r a c t i o n  p a t te r n  i s  
powder m ethod. T h is  method makes u se  o f  a p o l y c r y s t a l l i n e  m a te r ia l  
o r ie n t e d  a t  random to  a m onochrom atic X -ray beam.

When a t in y  c r y s t a l  in  th e  sam ple i s  o r ie n te d  60 th a t  a 
p a r t ic u la r  s e t  o f  l a t t i c e  p la n e s  makes th e  a p p r o p r ia te  Bragg a n g le  
to  th e  in c id e n t  beam, th e  r e f l e c t e d  beam w i l l  make an a n g le  
w ith  th e  u n d ev ia te d  beam a s shown in  F ig u re  13 ( a ) .
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The i d e n t i c a l  l a t t i c e  p la n e s  o f  o th e r  t in y  c r y s t a l s  can  be o r ie n te d  
a t th e  same a n g le  0 to  th e  beam and send  o u t th e  r e f l e c t e d  beam in  
th e  same a n g le  z 9 around th e  in c id e n t  d ir e c t io n *  T hese r e f l e c t e d  beams 
w i l l  fo r a  a con e ( in  b ) .  S im u lta n e o u s ly 1 o th e r  l a t t i c e  p la n e s  w ith  
d i f f e r e n t  s p a c in g  s a t i s f y  th e  Bragg c o n d it io n  and g e n e r a te  o th e r  c o n e s  
( in  c ) .

in c id e n t
X -ray

r e f l e c t e d  X -ray
5L0

l a t t i c e  p la n e
-^ tin d ev ia ted  

beam
.น )

»  0 »

F ig u r e  1 3 . a ) Bragg c o n d it io n  fo r  X -ray d i f f r a c t i o n .

b0< A con e o f  r e f l e c t e d  ray  fo r  th e  i d e n t i c a l  l a t t i c e  p la n e s ,

c )  Cones o f  r e f l e c t e d  ray  w hich  have d i f f e r e n t  a n g le s .

The d e t e c t io n  o f  X -ray d i f f r a c t i o n  can be a c h ie v e d  in  one 
o f  two w ays, by u s in g  f i lm  method or e l e c t r o n i c  c o u n t in g  te c h n iq u e .  
In b oth  c a s e s ,  th e  aim i s  to  m easure b oth  th e  2 © a n g le  and th e  
r e l a t i v e  i n t e n s i t y  o f  each  r e f l e c t e d  beam from th e  sa m p le .

In f i lm  m ethod, a p h o to g ra p h ic  f i lm  i s  p la c e d  in  th e  p ath  
o f  r e f l e c t e d  r a d ia t io n ,  a cu rved  l i n e  w i l l  be produced fo r  each  s e t  
o f  p la n e s  o f  th e  l a t t i c e ,  and th e  c o r r e sp o n d in g  8 can  be o b ta in e d  
from th e  p o s i t i o n  o f  th e  l i n e  on th e  f i l m .
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In  e l e c t r o n i c  m e thod ,  J i ropor t i  o n a l  c o u n t e r s  a r e  u se d  to  
d e t e c t  and m e a s u re  t h e  r e f l e c t e d  r a y s .  I t  y i e l d s  an e l e c t r i c a l  p u l s e  
from ea ch  X - ray  p h o to n  a b s o r b e d  i n  t h e  d e t e c t o r .  These  p u l s e s  a r e  
t h e n  a m p l i f i e d  and c o u n t e d  by a c i r c u i t .  The powder  p a t t e r n  a p p e a r s  
a s  a s e r i e s  o f  p e a k s ,  t h e  p o s i t i o n  o f  e a c h  peak  c o r r e s p o n d s  t o  t h e  
p o s i t i o n  o f  e a ch  l i n e  and t h e  i n t e n s i t y  o f  each  peak  i s  m easu red  
from peak  h e i g h t .

(a

(b )

F i g u r e  14 .  a )  The powder p h o t o g r a p h  p a t t e r n .

jj) The p r o p o r t i o n a l - c o u n t e r  d i f f r a c t o m e t e r  p a t t e r n
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