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The Raman spectrum o f  NiSo,. 

t u r e  and 77 K. A t h e o r e t i c a l  s tudy o 

the  o p t i c a l  phonons i n  t h i s  m a t e r i a l  

observed phonons. The data showed an 

6H20 was ob ta ined  a t  room tempera- 

f t h e  number, t ype  and a c t i v i t y  o f  

, p e r m i t t e d  a c l a s s i f i c a t i o n  o f  the  

anomalous temperature dependence f o r  

the  peak a t  42 cm-' w i t h  symmetry B ,  and f o r  t h e  peaks a t  75 and 115cm-' 

w i t h  symmetry A ' .  

O espec t ro  Raman do NiS0,.6~,0 f o i  o b t i d o  à temperatura ambien- 

t e  e a 77K. Um estudo t e ó r i c o  do número, t i p o  e a t i v i d a d e s  dos fonons 

ó p t i c o s  nes te  m a t e r i a l ,  nos p e r m i t i u  c l a s s i f i c a r  os  fonons observadosex- 

perimentalmente. Os resu l tados  mostraram anomalias na dependência com a 

temperatura, para o p i c o  em 42cm-' com s i m e t r i a  B2e para os p icos  75 e 

115cm-' com s i m e t r i a  A,. 

INTRODUCTION 

The Raman spectrum o f  NiSOi l .6~20 was s t u d i e d  by ~ t e k h a n o v '  i n  

the  neighborhood o f  the  water v i b r a t i o n s  between 2800 and 3700 cm-'. He 

showed the i n f l u e n c e  o f  the c r y s t a l  l a t t i c e  on the  v i b r a t i o n a l  spectrum 

o f  the  hydrogen 1 ines.  Using a mercury lamp as the  source, ~ r i s h n a m u r t i ~  

f o r  t h e  f i r s t  t ime  ob ta ined  a Raman spectrum a t  room temperature o f  s i n -  
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g l e  c r y s t a l s  o f  NiS0,.6H20. Jager and Schaak3 have repor ted  t h e  l a s e r  

e x c i  ted  Raman and I R  specular  r e f  l e c t  i o n  i j pec t ra  (below 1200 cm-') o f  the  

c r y s t a l  and i t s  deutered analogue a t  d i f f e r e n t  temperatures; h o w e v e r t h i s  

s tudy p rov ides  e x p l a n a t i o n  which a r e  i n c o r i s i s t e n t  wi t h  t h e  s t r u c  t u r a l  

data o f  the  c r y s t a l .  F i n a l l y ,  J a i n  e t  aZ4 r e p o r t  a  c o r r e c t  assignment o f  

a l l  phonons, as p r e d i c t e d  by group t h e o r y .  However those a u t h o r s  do n o t  

determine c o r r e c t l  y  a l  l the  phonon f requencies probabl  y  because the  Ra- 

man measurements were performed a t  room temperature o n l y .  I n  the  p resen t  

work, we have made a t h e o r e t i c a l  s tudy t o  determine t h e  type, number and 

a c t i v i t y  of t h e  o p t i c a l  phonons. Furthermore, we have ob ta ined  the  Raman 

spectrum o f  s i n g l e  c r y s t a l s  o f  N~so,.~H,o,, a t  room 

K, u s i n g  a l a s e r  as t h e  e x c i t a t i o n  source.  

The s t r u c t u r e  o f  NiS0,.6H20 i s  wel l-known 

The s i x  water  molecules form an octahedron around 

temperature and a t  77 

f rom x- ray  s t u d i e s 5  . 
h e n i c k e l  atom and 

the  f o u r  oxygens form a te t rahedron  around the  s u l f u r .  ~iS0,.6H,0 i s  a  

hygroscopic  c r y s t a l  which c r y s t a l i z e s  i n  the  t e t r a g o n a l  group 0 4 ( ~ 4 , 2 ~ )  

w i t h  f o u r  molecules per u n i t  c e l  I .  The f o u r  SOS- ions a r e  i n  s i  tes  wi t h  
++ 

C, symmetry, as a r e  t h e  f o u r  Ni , whereas the  24 water  molecules a r e  i n  

s i t e s  o f  C, symmetry. I n  r e f . 6  t h e  t e t r a g o n a l  s t r u c t u r e  i s  shown p r o j e c -  

ted o n t o  one face  o f  t h e  c e l  1  . 

Group theory  p r e d i c t s  t h a t  the  zone-center phonons belong t o t h e  

f o l l o w i n g  i r r e d u c i b l e  r e p r e s e n t a t i o n s :  35 A, + 37 A2 + 37 B, + 35 B2 + 
+ 72 E. The 35 Ai + 37 Bl + 35 B2 a r e  Raman a c t i v e  o p t i c a l  phonons, the  

36 A, a r e  i n f r a r e d  a c t i v e  and t h e  71 E a r e  s imu l taneous ly  Raman and i n -  

f r a r e d  a c t i v e .  The degres o f  freedom o f  t t ie  f r e e  ~0;- i o n a r e d i v i d e d  i n t o  

t h e  i r r e d u c i  b l e  r e p r e s e n t a t i o n s  Ai + E + Fl + 3F:! . Accord ing t o  ~ e r z b e r ~ '  

they c o n s i s t  o f  t h e  i n t e r n a l  modes V', v2:, v3  and V,, t h e  r L t a t i o n  R 
++ XY 

and t h e  t r a n s l a t i o n s  TxyZ. The complex Ni i:H20), form an o c t a h e d r o n  i n  

which t h e  n i c k e l  occupies the  c e n t e r  and i s  surrounded by t h e  watermole-  

c u l e s .  The degrees o f  freedom o f  t h i s  complex can be d i v i d e d  i n t o  t h e  i r -  

reduc i  b l e  r e p r e s e n t a t i o n s  A + E + F i- F + 3Flu + F The symme- 
lg g lg 2g 2u' 

t r y  mode A c o n s i s t s  o f  t h e  i n t e r n a l  mode V;; t h e  doubly  degenerate E 
1 9 

corresponds t o  V;, the t r i p l y  degenerate P t o  t h e  r o t a t i o n s  Rxyz; t h e  
I 9 

th ree  Flu modes corresponds t o  t h e  t r a n s l a t i o n s  T and the  v i b r a t  ions 
"YZ 

v; and v: and f i n a l l y  t h e  mode F a l s o  t r i p l y  degenerate, corresponds 
224' 

t o  the  v i b r a t i o n s  V;. The diagram o f  F i g .  1 shows t h e  development o f  the  



ISOLATED SITE FACTOR 

SYMMETRY SYMUETRY GROUP 

- - 
35A1[ V1,2~2.V3,V4 + S04 + v ~ . v ; B v ; , v ~ , ~ v ; . ~ v ~  + Ni(H20)6 +V1 abc .  

v2abc ,  v3abc + H O + 1 3  e x t e r n a l  modesl 
2  

e- 

* * 
37A2[2v3.2v4 + SO4 + V;, 2v;, Z v ~ , v ; , v ~  + N ~ ( H ~ o ) ~  +vlabc ,  v 2 a b c ,  

v  abc  + H20 + 16 e x t e r n a l  modes + 1 a c o u s t i c a l ] .  
3  - - . + 

37B1[ 2v3.2v4 + S04 +v;,2v1 3  . 2v i , v ; , v i  + Ni(H20)6 +vlabc ,  v2abc.  

v3abc + H20 + 17  e x t e r n a l  modesl . 
35B2[v1 2v2*V3,V4 + S O ~ -  +V; , v ; , v ; , v~ ,  2 ~ 4 ~ 2 ~ :  + Ni(H20)6 +v labc*  

v2abc,  v3abc do H20 + 1 3  e x t e r n a 1  modesl + + -- 
72E i v l  ,2v2,  3v3 .3v4 + S04 + v ~ , ~ v ; . ~ v ~ . ~ v ~ . ~ v ~ , ~ v ~  + N ~ ( H ~ o ) ~  + 

2vlabc .  2v2abc,  2v abc do H20 + 29 e s t e r n a l  modes + 1 a c o u s t i c a l ]  3  

F i g . 1  - Correlation table of NiS0,,.6H20. 



s i t e s  and the  f a c t o r  groups o f  NiS0,.6H20. The Raman tensors  assoc ia ted  

w i t h  each symmetry a r e  g iven  below8 

EXPERIMENTAL DETAILS 

The s i n g l e  c r y s t a l s  o f  n i c k e l  s u l f a t e  used i n  these exper iments 
O 

were grown a t  a  temperature o f  38 C from a s a t u r a t e d  s o l u t i o n .  Using t h e  

Laue technique,  we v e r i f i e d  t h a t  the  c r y s t a l s  grow a long  t h e  001 d i -  

r e c t i o n  i n  t h e  form o f  a  t runca ted  pyramid w i t h  t h e  a a n d  b a x e s  p a r a l -  

l e l  t o  t h e  edges o f  t h e  base. The - A and 2 faces o f  t h e  c r y s t a l  were po- 

l i s h e d  u s i n g  cer ium o x i d e  and minera l  o i l  w h i l e  t h e  C face  was ob ta ined  

by c l e a v i n g  t h e  sample. Since t h e  c r y s t a l  i s  hygroscopic ,  t h e  spect ra a r e  

ob ta ined  soon a f t e r  the  c r y s t a l  i s  p o l i s h a d .  The source used . was t h e  

4880 8 1 i n e  o f  an argon l a s e r  s i n c e  we co i l f i rmed t h a t  t h e  a b s o r p t i o n  o f  

t h i s  c r y s t a l
g  

i s  lowest around t h i s  1 i n e .  The power. used was 1 i m i t e d  t o  

50 mW s ince ,  w i t h  l a r g e r  powers, t h e  c r y s t a l  soon became opaque. The 

s c a t t e r e d  I i g h t  was anal  yzed wi t h  a double Spex monochromator e q u  i p p e d  

w i t h  a F.W. 130 p h o t o m u l t i p l i e r .  For measurements a t  77 K, an imers ion 

dewar was used. I n  t h i s  work t h e  s c a t t e r i n g  geometry i s  i n d i c a t e d  by t h e  

usual Raman n o t a t i o n 1 °  k ( i j ) q w h e r e  k a n d  q i n d i c a t e  t h e  d i r e c t i o n s  o f  

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

d i r e c t i o n s .  

RESULTS AND DISCUSSIONS 

I n  F i g .  2 we show t h e  Raman spectrum o f  N i S O 4 . 6 H 2 0  ob ta ined  

u s i n g  d i f f e r e n t  geometr ies and temperatures t o  separate t h e  v a r i o u s  l i -  



nes. I n  t h i s  f i g u r e  a l l  o f  t h e  spec t ra  were ob ta ined  i n  t h e  r e g i o n  O t o  

1200 cm-'. Iri t h e  neighborhood o f  t h e  v, mode o f  water  (-  1600 cm-') no- 

t h i n g  was observed, w h i l e  the  v l  and v 3  modes a r e  seen i n  F i g .  3 .  The 

c l a s s i f i c a t i o n  o f  t h e  phonons o f  F i g .  2 i s  g iven  i n  Table 1, f o r  T = 7 7 K  

Table 1 - O p t i c a l  phonons o f  NiS0,.6~,0 a t  room temperature and 77K,  a l l  

va lues  a r e  expressed i n  cm-' 





and 300 K. I n  F i g .  2 we show t h e  A l  phonons which corresponds t o  thecon-  

f i g u r a t i o n  x(zz)y, t h e  B, corresponding t o  z(xy)x, t h e  E f o r  z(yz)y and 

those f o r  t h e  geometry z(xx)y which corresponds t o  a s u p e r p o s i t i o n  o f  

the  phonons A l  and B,. For t h e  low temperature measurements, t h e  reso-  

l u t i o n  i s  b e t t e r  as we see i n  F i g .  2b. I n  these spec t ra ,  we see tha t ,ex -  

Fig.3  - Raman Spectrum of NiSO, .6H,O i n  the H,O interna1 rmde region. 

(a) Spectrum Shaiing B, Phonons a t  300 and 77K. (b) Spectrum showing 

A,  phonons a t  300 and 77K. 



c l u d i n g  t h e  i n t e r n a l  modes o f  wa te r ,  we observe 18 o f  t h e  26 m d e s  p re -  

d i c t e d  f o r  A1 symmetry; 18 o f  t h e  26 p r e d i c t e d  f o r  B2 symmetry, and 26 

o f  t h e  62 p r e d i c t e d  f o r  E(X) symmetry. For t h e  geometry z ( x x ) y  we have a 

superpos i t i o n  o f  the  A, and B, syrnmetries, where t h e  f requencies 194cm-' 

and 303 cm-' w i t h  A ,  symmetry have decreased i n  i n t e n s i t y  t o  the  p o i n t  

o f  be ing i n v i s i b l e  on t h i s  s c a l e .  The phonons seen i n  t h i s  geometry and 

n o t  i n  t h e  ~ ( z z ) ~  a r e  c l a s s i f i e d  as B, and they a r e  25 o f  t h e  28 p r e d i c -  

ted . 

From t h e  d i s t r i b u t i o n  o f  the  water  molecules i n  the  u n i t  c e 1 I 6 ,  

we no te  t h a t  they a r e  d i v i d e d  i n t o  t h r e e  groups o f  e i g h t  molecules.Thus, 

we expect  t h a t  i n  the  r e g i o n  o f  the  V, and v, modes there  w i l l  be 6 peaks, 

corresponding t o  t h r e e  modes f o r  v, and t h r e e  f o r  v,. F i g .  3 shows t h e  

r e g i o n  between 3000 and 3600 cm-' where the  v, and v, modes o f  water  ap- 

pear, f o r  room temperature and 77 K and f o r  t h e  A, and B2 symmetries. Ta- 

b l e  2 shows t h e  v i b r a t i o n a l  f requenc ies  c f  t h e  OH group. 

Table 2 - Frequencies (cm-') o f  Raman l i r ies f o r  Nis0,.6H20 i n  the  H,O 

i n t e r n a l  modes r e g i o n  a t  300 and 77K.  



CONCLUSION 

As we see i n  F i g s .  2 and 3 the  temperature r e d u c t i o n  was funda- 

mental f o r  a p r e c i s e  d e t e r m i n a t i o n  o f  t h e  f requenc ies .  The modes Al 

x ( z z ) y  and B, z ( x y ) y  show 13 f requenc ies  a t  300 K and 18 each a t  77 K; 

t h e  E(X) z ( y z ) y  mode gave 18 f requenc ies  a t  room temperature b u t  26 a t  

77 K; and f i n a l l y ,  f o r  t h e  A, + B ,  modes, t h e  number increased f rom 23 

t o  37 a t  77 K. For the  i n t e r n a 1  modes ( ~ i g . 3 )  the  e f f e c t  o f  t h e  tempera- 

t u r e  i s  even more pronounced. A t  roorn temperature,  the  o v e r l a p  o f  t h e  

1 ines r e s u l  t s  i n  two peaks wi t h  symmetry A I  (31 01 and 3400 cm-l)  and two 

w i t h  B, (3257 and 3458 cm-I ) ,  which subsequent ly  separate i n t o  s i x  a t  

77 K. 

As we see i n  F i g .  2, the  f requenc ies  42 and 75 cm-' o f  t h e  B ,  
and A, modes, ob ta ined  a t  room temperature, p r a c t i c a l l y  d isappear  a t  77 

K. Another anornal y i s t h a t  t h e  f requency 115 cm-' o f  t h e  Al mode decrea- 

ses t o  1 1  1 cm-' a t  77 K, ins tead  o f  i n c r e a s i n g  as would be expected.  We 

a r e  c u r r e n t l y  under tak ing  measurements where t h e  temperature i s  s l o w l y  

v a r i e d  i n  an a t tempt  t o  c l a r i f y  t h i s  anomalous behav io r .  

We wish t o  thank V. S t o j a n o f f  f o r  p r o v i d i n g  t h e  s i n g l e  c r y s t a l s  

used i n  these exper iments.  A lso  we w ish  t o  acknowledge u s e f u l  d i scuss ions  

w i t h  F. Cerdei ra and F.P. M i s s e l .  
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