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1. INTRODLICTION 

Severa1 o f  the metal sulphides which occur as minerals have im-  

por tan t  technological  app l ica t ions  because o f  t h e i r  e l e c t r i c a l  and magne- 

t i c  p roper t ies .  The use o f  z inc,  lead and cadrnium chalcogenides i n  photo- 

v o l t i c  devices, f o r  example, has resu l t ed  i n  vast  l i t e r a t u r e  on the phy- 

s i c a l  p roper t ies  and e l e c t r o n i c  s t ruc tu re  o f  these minerals.  The techno- 

l o g i c a l l y  valuable e l e c t r i c a l  and magnetic p roper t ies  have st imulated,  i n  

general, considerable i n t e r e s t  i n  the studies o f  sulphides f o r  d e t a i  l e d  

measurements and development o f  e l e c t r o n i c  s t r u c t u r e  models. There are  s i x  

known minerals o f  i r on  sulphide:  

1. p y r i t e  ( F ~ S ~ )  

2.  marcasite (FeS2) 

3.  p y r r h o t i t e  (Fe S,  x  var ies  from O t o  0.125) 
1-x 

4. mackinawite ( F ~ S ~ , ~ ,  x var ies  from O t o  0.11) 

5 .  g r e i g i t e  ( F ~ ~ S ~ )  

6. smythi te ( F ~ $ I + )  

These can be c l a s s i f i e d  i n t o  two groups, f i r s t  showing the sim- 

p le  quadrupole spl  i t t i n g  ( ~ y r i t e  and marcasite) and the second show i n g  

magnetic hyperf i ne  spl i t t i n g  (py r rho t i  te )  , macknawi te,  g re ig i  t e  and srny- 

t h i t e ) .  Here we w i l l  consider the minerals o f  the f i r s t  group on ly .  

X.Ray inves t iga t ions ,  and inves t iga t ions  o f  t h e i r  magnetic and 

e l e c t r i c a l  propert ies1-6 f o r  both p y r i t e  and marcasite, i nd i ca te  i r o n  t o  be 

i n  2' s ta te .  There have been c o n f l i c t i n g  reports7-9 as t o  whether FeS2 i ç  



paramagnetic o r  diamagnetic. Montano E, seehral0 made a MJssbauer study of 

p y r i t e  i n  an external  magnetic f i e l d  up r o  35.8 koe a t  4.2K, f i g .  1, and 

convincingly showed tha t  i ron atom i n  FeS2 has indeed no magnetic momen t 

associated w i t h  i t ,  and the e l e c t r o n i c  f i e l d  gradient  (efg)  and asymmetry 

parameter were found t o  be negat ive and zero respect ive ly .  The r e p o r t e d  

i t i e s  must be e n t i r e i y  due n a t u r a l l y  

i x  valence e1 ectrons must occupy the 

i s e  t o a  n e t  spin o f  zero4. As a re- 

and any e f g  a t  the i r o n  nucleus must 

paramagnetiddiamagneti c  suscepti b i  l 

occur ing t race impur i t ies ,  and the s 

three lowest energy leve ls  t o  g ive  r 

s u l t  there  are no unpaired electrons 

be due t o  some o ther  mechanism. 

F i g . 1  - Mtissbauer spect ra  o f  p y r i t e  a t  4.2K and i n  

the  presence o f  d i f f e r e n t  e x t e r n a l  magnetic f i e l d s ,  

( a f t e r  Montano & Seehra, r e f . 1 0 ) .  





F i g . 2  - The e f f e c t  of pressure on Wssbauer 

parameters i n  p y r i t e  ( a f t e r  Vaughan E Dric- 

kamer, r e f .  2 1 ) .  

(a )  Isomer s h i f t  vs pressure 

(b) Quadrupole s p l i t t i n g  vs pressure  

died the Mssbauer spectra o f  i ron i n  p y r i  t e  and marcasite o f  d i f f e r e n t  o- 

r i  gins. Zhetbaev and ~ a i ~ o v ~ ~  a1 so reported MUssbauer parameters of i ron 

sulphide. Goncharov e t  U Z . ~ ~ ' * *  studied the FeSl+x system (w i th  x = O t o  

0.135) and i r o n  sulphide a lso .  The observed change o f  MUssbauer pararneters 

was a t t r i b u t e d  t o  phase t r a n s i t i o n s  and re la ted  t o  the v a r i a t i o n  o f  the 

concentrat ion o f  i r o n  vacancies w i t h  cornposition. ~ a k e r ~ ~  e v a l  u a t e d  the 

p y r i t i c  ox ida t ion .  Suzdalev e t  a2.30 s tud ied the anisotropy o f  the  proba- 

b i l i t y  o f  Mksbauer e f f e c t  i n  s i ng le  c r y s t a l s  o f  p y r i t e  between 90K and 

800K. For s i ng le  c r y s t a l  p y r i t e ,  data agreed w i t h  the r e s u l t s  o f  polycrys-  

t a l l i n e  samples. Anisotropy was observed i n  the i r o n  atom v i b r a t i o n s  i n  

FeS2 c rys ta l s .  F igueiredo et ~ 2 . ~ ~  considered the d i s t o r t i o n  o f  near ly  4.3', 
i n  the  i r o n  - sulphur octahedra o f  the  u n i t  c e l l  o f  p y r i t e ,  t o  be respon- 

s i b l e  fo r  the quadrupole sp l  i t t i n g .  Phase t ransformat ion study i n  FeS2 du- 

r i n g  therrnal treatrnent has been reported by Cherkes e t  aZ. 32; Abishev e t  

aZ. 3 3  reported the p y r i  t e  therrnal decornposi t i o n  and showed tha t  the decorn- 

posi t i o n  process has proceeded by format ion o f  a1 te rnate  composi t ion py r r -  



h o t i t e s .  Dickson et ~ 2 . ~ ~  s t u d i e d  i r o n  i n  o r g a n i c  m a t e r i a l s  f rom n a t u r a l  

sedimentary env i  ronments, and i n  samples o f  Kerogen o b t a i n e d  a  s p e c t  r a  

co r respond ing  t o  the  p y r i  t e  spec t ra .  Tyulenev et a2. 35 i n v e s t i g a  t e d  t h e  

cunvers ion o f  i ron su lph ides  d u r i n g  g r i n d i n g .  

~ o t h e k a r ~ ~  used a  mo lecu la r  o r b i  t a l  approach t o  t h e  chemi c a l  

i n t e r p r e t a t i o n  i n  FeS2. Burns and ~ a u ~ h a n ~ ~  r e p o r t e d  a  mo 1 e c u  1 a  r e n e r g y  

leve1 diagram f o r  p y r i t e .  The t e t r a h e d r a l  c o o r d i n a t i o n  o f  t h e  su lphuratoms 

t o  t h r e e  m t a l s  and another  s u l p h u r  was suggested t o  be t h e  involvement  o f  

3s and 3p o r b i t a l s  ( s p 3  h y b r i d i z e d )  i n  fo rm ing  a bonds. One h y b r i d  sp3 o r -  

b i t a l  f rom each o f  t h e  s i x  su lphur  forms s i  x  a bonds wi t h  d2sp3 h y b r i d  o r -  

b i t a l s  o f  t h e  c e n t r a l  t r a n s i t i o n  meta l .  The d2sp3 h y b r i d s  c o n s i s t s  o f  t h e  

two eg  o r b i  t a l s  ( d  2- and S2), the  one 4s o r b i  t a l  and t h e  t h r e e  4p-or- 

b i t a l s .  B i t h e r  et z L . Y l l  assumed t h a t  the  t h r e e  t o r b i t a l s  ( d  
29 x y '  

dxZ) o f  t h e  t r a n s i t i o n  meta l  remain nonbonding. I t was a l s o  suggested t h a t  

t h e  p a i r e d  e l e c t r o n s  i n  t h e  nonbonding t2 o r b i t a l s  may forrn ii bonds w i t h  
9  

vacant t zg - type  3 o r b i t a l s  o f  t h e  su lphur .atoms.  Th is  would r e s u l t  i n  t h e  

increased energy separa t ion  between nonbond i n g  t2 and a n t  i bonding e*g 1  e- 
9  

v e l s .  But,  Kjekshus & ~ i c h o l s o n ~ ~  c r i t i c a l l y  eva lua ted  MUssbauer and bond 

l e n g t h  da ta  f o r  t h e  p y r i t e  and t h e  marcas i te  and found no  ev idence t o  sup- 

p o r t  Ií-backbondi ng between meta l  and the  non-metal atoms. Over l  ap ing  o f  mo- 

l e c u l a r  o r b i t a l s  i n  an FeS2 c r y s t a l  causes broadening i n t o  b a n d ~ l ~ , ~ ~ .  The 

main bonding mo lecu la r  o r b i t a l s  now form t h e  f i l l e d  a band and t h e  c o r r e s-  * 
ponding a n t i b o n d i n g  o r b i t a l s  t h e  empty o bond, c o n s i s t i n g  t h e  main va lence 

and conduc t ion  bands r e s p e c t i v e l y .  The i ron  3d o r b i  t a l s  then  1  i e  b e  t w e e n  

these i n  energy, t h e  t o r b i t a l s  be ing  regarded as e s s e n t i a l l y  l o c a l i z e d  
29 

on t h e  c a t i o n  b u t  t h e  eg o r b i t a l s  fo rm ing  a  band through o v e r l a p  v i a  s u l -  

phur  i n t e r m e d i a r i e s .  Thus, conduc t ion  i n  p y r i  t e  occurs when e l e c t r o n s  a r e  

e x c i t e d  i n t o  the  band formed f rom e*g o r b i t a l s .  F i n k l e a ,  I II et ~ 2 . ~ '  i n -  

v e s t i g a t e d  t h e  bonding mchan ism i n  p y r i  t e  u s i n g  Mtlssbauer e f f e c t  and X- 

r a y  c r y s t a l l o g r a p h y .  Cons ider ing  t h e  bonding i n  r e l a t i o n  t o  t h e  o r i g i n  o f  

the  quadrupole s p l i t t i n g  and the  angu la r  v a r i a t i o n  o f  t h e  r e c o i l f r e e  i t  was 

found t h a t  n e i t h e r  c r y s t a l - f i e l d  e f f e c t s  n o r  nons to ich iomet ry  a r e  enough 

t o  account f o r  t h e  observed s p l i t t i n g .  Cons idera t ion  o f  mo lecu la r  o r b i t a l  

e f f e c t s  however showed t h a t  a  ve ry  

i s  enough t o  cause t h e  observed sp 

t h e  va lence e l e c t r o n s  have on t h e  

smal l  amount o f  e l e c t r o n  d e l o c a l  i z a t i o n  

l i t t i n g  because o f  the  s t r o n g  e f f e c t s  

i r o n  nuc leus.  I t was a l s o  found t h a t  t h e  



r e c o i l f r e e  f r a c t i o n  i s  p r a c t i c a l l y  inííependent o f  ang le .  The v s r i a t i o n  o f  

isomer s h i f t  w i t h  temperature was a l s o  r e p o r t e d  and was i n t e r p r e t e d  t o  

r e m  t h a t  v i b r a t i o n a l  modes corresponding t o  Raman modes a r e  n o t  e x c i t e d  

i n  t h e  p y r i t e  l a t t i c e  between 10K and 300K, c o i n p l e m e ~ t i n ~  r e p o r t e d 4 1  I R  

spec t ra  which skows no  such mode between 190 and 660 cm-I ( e q u i v a l e n t  t o  

274 and 3 5 0 ~ ) .  Ward and ~ 0 w a t - d ~ ~  r e l a t e d  t h e  quadrupole sp! i t t i n g  wi t h  e- 

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

m d e l  f o r  bo th  p y r i  t e  and marcas i t e .  Kramver and l < l e i n q 3  have determined 

the  r e l a t i v e  b i n d i n g  energ ies  o f  i r o n  3.p and su lphur  2p e l e c t r o n s  i r i  FeS2 

which a r e  o f  i n t e r e s t  t o  c o r r e l a t e  d i r e c t l y  w i t h  atornic charge and p resen t  

an i n t e r e s t i n g  p a r â l l e l  w i t h  isomer s h i f t .  S i n g l e  c r y s t a l  MUssbauer expe- 

rirnent have been repor ted  by many workers15 1 8 > 3 0 ' Q 0  '44 -47 .  

2. CRYSTAC STRLICTUBE AND EXPERIMENTAL 

Crystal Structure: Pyrite 

P y r l t e  occures abundant ly  w i t h  coa1 depos i t s  i n  n a t u r e  as l a r g e  

c u b i c  c r y s t a l s ,  w i t h  c r y s t a l  system cub ic ,  space group Pa3, f o u r  molecules 

per  ~ m i t  c e l l .  The metal ( ~ e )  lons  a r e  coord i r ia ted  t o  s i x  s i i l phur  w h i  c h  

a r e  l o c s t e d  a t  t h e  c e n t e r s  o f  a  d i s t o r t e d  octahedron, f i g . 3 ,  The s u l p h u r  

ions a r e  t e t r a h e d r n l  l y  c c o r d i n a t e d  t o  t h r e e  Fe and another  S,  w i  t h  a = 

=5 .4179  ao and the i r o n  atoms a r e  l c c a t e d  a t  (0,0,0), (0,1/2,1/2),  ( I  1'2, 

0,1/2) and (1/2,1/2,0) and t h e  su lphur  atoms a r e  l o c a t e d  a t  genera l  p o s i -  

t i o n s  + ( r i , U ; L ? ) ,  iU+1/2, 1/2-L?, c), (T, 11+1/2, 1/2-U) 2nd ( l j 2 - U ,  Ü,U+1/2) 

w i t h  U = 0.386 w i t h  dumbbell shaped S 2  p a i r s  around Fe. The c o y r e c t  p o s i -  

t i o n s  o f  su lphur  atoms depend on t h e  parômeter U, where U i 5  t h z  atornic 

c o o r d i n a t e  i n  f r a c t i o n s  o f  t h e  c e l l  s i z e .  F ink lea ,  1 1 1 ,  e t ~ Z . ~ ~  showed 

t h e  e f f e c t  Gn q u a d r u ~ o l ~  s p l i t t i n q  and t h e  asymmetry parameter by v a r y i n g  

va lues o f  U. The distantes and angles o f  the  s l i g h t l y  d i s t o r t e c !  octahedron 

fo rned  by i r o n  and su lphur ,  f i g .  4 ,  a r e :  



F i g . 3  - S t r u c t u r e  o: p y r i t e  

A )  U n i t  c e l l  

i8 )  Loca l  sur round ing  o $  an i r o n  atom, s u l p h u r  atom a r e  focnd a t  

u c t a h e d r n l  s i t e s  wh ich  a r e  deformed a l o n g  I111 I d i r e c t i o n .  

i iq.' i - Schooiatics o f  p y r i t e  showing d i s t a n -  

s between s u l p h u r  ions  arouna i r o n  and an- 

; les between t h e  o c t a h e d r a l  axes. 

Fe  - S - F e  ( 3 )  = 1 1 5 . 7 1  i 0 . 1 2 '  

s - S - ( F e  i 3 ) j  = 1 0 f . 1 3  2 0 . 1 3 '  

There a r e  many r e p o r t s 4 0 ' 4 8  on t h e  s t r u c t u r e  o f  p y r i t e .  



Marcasite 

t e t r a  mo lecu la r  c e l l .  I n  o u r  case 

ment based on %I2 (~nnm)  group. 

Fe : (2a) a t  (0,0,0); ( 

S : (4g) a t  2 (U,V,O); 

wi t h  U = 0 -200 and 

There a r e  many repor tsN o f  t h e  s t u d i e s  o f  marcas i te  s t r u c t u r e ,  

which i s  or thorhombic,  f i g .  5. Most o f  the  a v a i l a b l e  da ta  p o i n t  t o  a b i -  

mo lecu la r  u n i t  o f  c e l l  dimensions, a = 4.436A0, b = 5 . 4 1 4 ~ ' ~  and c=3.381~'. 

However, f a i n t  r e f l e c t i o n s  have been descr ibed  which seem t o  c a l 1  f o r  a 

we have adopted t h e  f o l  l o w i n g  arrange-  

A 
Fig.5 - S t ruc tu re  of marcasite 

( A )  Def in ing the o r i e n t a t i o n  r e l a t i v e  t o  c r y s t a i  axes. 

(0)  Showing pa i r s  of sulphur atorns w i t h  t h e i r  rnid po in t s  a t  the centers 

o f  four  edges and two faces o f  the u n i t  c e l l .  

Tnus, i n  t t i i b  , 3 t r u c t u r c  which i s  f a r  f rom b e i n g  c losed  packed, 

the atomic separa t ions  a r e  those o f  neu t ra1  r a d i  i .  Each i r o n  h a s  t h r e e  

neighbours o f  Fe - S = 2.2508, and each s u l p h u r  has another  s u l  p h u r  a t  

2.2108 away. The angles and d is tances  o f  octahedron f o r m e d  b y  s u l p h u r  

around i ron a r e  shown i n  f i g .  6. 

Experimental 

The Mussbauer s p e c t r a  were recorded i n  t h e  s tandard  t r a n  sm i s - 



Fig.6 - Schematics of marcasite showing distantes bet -  

ween sulphur ions around i ron and angles between the 

octahedral axes. 

s ion  geometv, employing a constant acce lera t ion  v e l o c i t y  transducer cou- 

p led  t o  a source o f  Co 5 7  i n  Pd ma t r i x  w i t h  an i n i t i a l  a c t i v i t y  o f  25mCi/s. 

A methane-argon f i 1  l ed  propor t iona l  counter was used f o r  the detect ion o f  

the Mdssbauer t r ans i  t i o n  and a MCA was used t o  s to re  the spectra. The ca- 

l i bera t  i on o f  the ve loc i  t y  per channel and the l inea r i  t y  v e r i  f i c a t i o n  was 

done w i t h  a (1.9mg ~ e ~ ~ / c m ? )  i r on  f o i  1. The p y r i t e  c r ys ta l s  used were 1 cm3, 

s u f f i c i e n t l y  la rge t o  permit  c u t t i n g  the c r y s t a l s  i n  the  desired d i  r e c -  

t ions .  However, the marcasi t e  c r y s t a l s  were smal l (1x1x3mm3) ; there fore  i t 

was no t  poss ib le  t o  c u t  the  c r y s t a l s  i n  a11 desired d i rec t i ons .  The iden- 

t i f i c a t i o n  o f  the c r y s t a l  axes was done morphological ly .  The c r y s t a l s  were 

cu t  and grourid-down. Fig.7 shows the schematics o f  the absorpt ion o f  Mtfss- 

bauer t r a n s i t i o n  by the s i n g l e  c r y s t a l  absorbers. Typical  Mtfssbauer spec- 

t r a  o f  p y r i  t e  and marcasi t e  are shown i n  f i g s .  8A and 88 respect ive ly .  Va- 

r i a t i o n  o f  l i new id th  w i t h  absorber thickness i n  p y r i t e  i s  depicted i n  f i g .  

9. Table 1 shows the values o f  isomer s h i f t  and quadrupole s p l i  t t  i n g  f o r  

p y r i  t e  and marcasi te .  



F i  9.7 - Schenatics of absorption of I4.4kev y-rays by the i ron s u l -  

phide ( F ~ ~ ' S > )  s i n g l e  çrysta l  absorbers. 

3. THEORY AND ANALYSIS 

Electric Field Gradient 

I n  a quaarupole s p l  i t  spectrurn, l e t  ag and cl be d e f i n e d  as t h e  
3 1 1 1 a b s o r p t i o n  peaks cor respond ing  t o  2 -> 2 - 2 and ? - 2 -t + 2 t r a n s i  t i ons ,  res -  

p e c t i v e l y .  Then, f o r  a monochromatic u n p o l a r i s e d  source and a s i n g l e  c r y s -  

t a l  absorber  w i t h i  e q u i v a l e n t  s i t e s  per  u n i t  c e l l ,  the  area r a t i o  a f t e r  

~ o r ~ 5 ~  i s  

(a ,~a)- '  = ( (  .I ~ ~ ( o ~ , m ~ ) p ~ ( o ~ , r n ~ )  x ( i pl(~i,+i~~f(~i,+i))-l (11 
s I t e s  s i  t e s  

where ps(ei ,$ )  and Pl(e.i ,$ ) a r e  the  r e l a t i v e  angu la r  dependent 

p r o b a b i l i t i e s  f o r  the t r a n s i t i o n  + 3/2 -t + 1/2 and + 1/2 -t t 1/2 

544 

a b s o r p t i o n  

r e s p e c t i -  



- VE VELOCITY IN mm/Sec. + V E  

Fig .8A - Htlssbauer absorptlon spect ra  o f  p y r i t e  

(a )  p o l y c r y s t a l l l n e ,  and monocrysta l l ine  (b) 111 p lane  (c) 110 p lane  and 

(d)  100 p lane .  
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Absorber Quadrupole 
Absorber temperature I s o m e r s h i f t  ( ~ e )  s p l i t t i n g  Reference 

i n  O K  i n  mm/sec. i n  mm/sec. 

FeS2 

( p y r i  te )  30 0 0.314í2) 0.614(6) 7 

8 1 0.407(3) O .620 (9) 

300 0.23 0.77 2 1 

(5OKbat-) 

297 0.25(1) 0.62(1) 10 

78 0.36(1) 0.64(1) 

4.2 0.43(1) 0.66(1) 

RT(300) O .  325 (5) 0.62(2) 44 

0.325(5) 0.62(1) 46 

FeS2 

(marcas i te )  300 

8 1 

300 

RT 

RT 

Table 1 .  Values o f  i s o m e r s h i f t  ( w i t h  respec t  t o  i r o n )  and q u a d r u p o l e -  

s p l  i t t i n g  f o r  p y r i  t- and marcas i te .  

ve ly ;  ~ ' ( z ,Qz : )  i s  t h e  Lamb-Mtfssbauer f r a c t i o n .  The angles (8. ,@.I d e f i n e  
Z Z 

the i n c i d e n t  y - ray  beam w i t h  respec t  t o  the  e l e c t r i c  f i e l d  g r a d i e n t  axes 
- . A ^  

(Xi, 2, Zi) imd a,b ,  c a r e  the m u t u a l l y  or thogonal  axes, f i g . 7 .  Employing 

t h e  e x p l i c i t  express ions f o r  p j  and p l ,  express ing  t h e  angles (Oi,@.) i n  
2 

terms o f  known exper imenta l  angles and r e l a t i n g  a s i t e  i t o  t h e  c r y s t a l  

axes (a ,b ,c)  t h e  a rea  r a t i o s  a r e  



and cose i s  r e l a t e d  t o  the  experimenta i 

cose = sinO.cos@ (Zi.a) + s  i 

Here (zi.a), ($ . b) and (?..c) a r e  t h e  cos ines o'f t h e  angles between e f g  Z^ 
Z 

a x i s  and the c r y s t a l l o g r a p h i c  axes. 

Marcasite 

The area r a t i o s  c a l c u l a t e d  f rom equa t ion  (2 ) ,  assuming d i f f e r e n t  

Fe-S axes t o  be the axes o f  e f g ,  a r e  t a b u l a t e d  i n  t a b l e  2. The c a l c u l a t e d  

area r a t i o s  assuming we know t h e  axes o f  t h e  e f g  agree w i t h  t h e  experimen- 

t a l  va lue.  Fe-S6 i s  t h e  d i r e c t i o n  o f  2 a x i s  o f  t h e  e f g  where as Fe-S2 and 

Fe-S3 a r e  2 and axes, r e s p e c t i v e l y .  The d i  r e c t i o n  cos ines o f  ( 2, I', ? ) 

axes w i t h  respec t  t o  the  (a,b,c) axes a r e  g iven  i n  t a b l e  3. 

S ince the  area r a t i o  o f  the  lower v e l o c i t y  t o  t h e  h f g h e r  ve lo -  

c i t y  peaks i s  a3/al and n o t  al/a3, i t  f o l l o w s  t h a t  t h e  q u a d r u p o l e  i n t e -  

r a c t i o n  cÇ i s  nega t i ve ,  and t h i s  f i n d i n g  i s  i n  agreement w i t h  Donaldson e t  

a ~ . ' l ,  who c a r r i e d  o u t  bkksbauer experiments w i t h  sb12' on compounds w i t h  

marcas i te  s t r u c t u r e  and r e p o r t e d  t h a t  V i s  n e g a t i v e  i n  a11 cases. 
ZZ 

The a s y m e t r y  parameter i s  zero.  

Pyrite 

The area r a t i o s  c a l c u l a t e d  f rom equa t ion  (2)  a r e  t a b u l a t e d  i n  

t a b l e  4A. The c a l c u l a t e d  va lues o f  area r a t i o  (a3/al), assuming t h a t  t h e  

c r y s t a l  l o g r a p h i c  axes a r e  t h e  axes o f  e f g ,  do n o t  agree44 wi  t h  t h e  expe- 

r i m e n t a l  va lue,  t a b l e  4 8 ,  o f  1.00 + 0.02 which i s  independent o f  t h e  c r y s -  

t a l  o r i e n t a t i o n .  



-- - 

Absorber Fe-S6 a x i s  Fe-S3 a x i  s Fe-S5 a x i s  Exper imenta l  Peak L i n e w i d t h  Absorber 
o r i e n t a t i o n  b i r e c t i o n  as G i r e c t i o n  as d i r e c t i o n  as Area r a t i o  m d s e c .  t h  ickness Reference 

O Z a x i s  o f  e f g  Z a x i s  o f  e f g  2 a x i s  o f  e f g  pnm 

Table 2. Exper imenta l  and c a l c u l a t e d  peak area r a t i o  f o r  d i f f e r e n t  o r i e n t a t i o n s  w i t h  ;,=O f o r  marcas i te ,  c a l -  

c u l a t e d  on the  b a s i s  o f  equa t ion  ( 2 ) .  



Table 3. D i rec t i on  cosines o f  e f g  w i t h  

respect t o  the c r y s t a l  axes ( a, b ,  c )  

f o r  marcasi te .  

Absorber Fe-SI ax i s  Fe-S3 ax i s  Fe-S5 ax i s  
o r i e n t a t i o n  d i  r ec t i on  as d i  r e c t i o n  as !i rec t i on  as 

O I, Z a x i s o f e f g  S a x i s o f e f g  Z a x i s o f e f g  

,'abio 4A. Peak area r a t i o s  f o r  d i f f e r e n t  o r i en ta t i ons  w i t h  n = O 

f o r  p y r i t e ,  ca lcu la ted on the  basis o f  equation (2 ) .  



Absorber Exper imenta l  Thickness l i n e w i d t h  Reference 
peak area o f  absorber mm/sec. 
r a t i o  i n  mn 

Powder 0 .97 15 

100 p lane  0.86 18 

100 1.33 18 

100 0.89(2) <0.2 0.30(1) 4 4 
O10 0.89(2) <O .2 0.30(1) 

O01 l.OO(2) <O .2 0.30(1) 

Powder l.OO(2) <O .2 0.30(1) 

100 1.03(1) 1 0 0 - 2 0 0 ~  3 0 

110 1.03(1) 

Powder 1.0?(1) 

1 O0 l.OOO(16) 4 O 

O10 1 .004(11) 

110 1.008(20) 

Powde r 1.013(31)  

Powde r 1 .O  1 (2) 0.165 0. 377 4 6 

111 l.OO(2) O .O6 O .298 

110 l.OO(2) O .O7 O .  328 

100 I .02(2) O .O5 0.318 

Table 48. Exper imenta l  peak area r a t i o ,  th ickness o f  absorber  and 

l i n e w i d t h  o f  p y r i t e .  

Wi th  p o i n t  charge model, t h e  e f g  tensor  o f  p y r i t e  i s  o f t h e  f o l -  

low ing  form4&, 

where 

A = - 6qeff  (V-1 /2) 2 / ( 3 ~ 2 - 2 ~ + 1  /2) 5 / 2  (4) 

= + 0.03824 (AO - 3/e) (5) 

when o n l y  t h e  f i r s t  ne igbours w i t h  e f f e c t i v e  chírrge, qeff = -2e and t h e  

551 



c r y s t a l l o g r a p h i c  axes as t h e  c o o r d i n a t e  axes a r e  taken i n t o  c o n s i d e r c t i o n .  

Tak ing t h e  c r y s t a l  symmetry i n t o  cons idera t ions ,  the  e f g  tensors f o r  the  

i r o n  s i t e s  (0,0,0), (1/2,1/2,0),  (1/2,0,1/2) and (0,1/2,1/2) a r e  r e s p e c t i -  

v e l y  

(1 -Ym) 

I hus 

s!.,d 

O A A  

A  0  A  

A A o  

, (1-Y,) 

However, by convent ion,  we d e f i n e  

P,,i 1 i%yI. PXX! 

Vz2 = 2A( I -ym) 

O -A -A 

-A A  O 

-A O A 

Thus 2 axes a r e  11, 

r i s p e c t i v e l y ,  ( f o r  d i f f e r e n t  s  

w i t h  the  c r y s t a l l o g r a p h i c  a x i s  

1,11 , 1-1,1,11 , I l , l , - l I  and 11, - 1 ,  1 1  

i t e s  o f  i r o n )  and make an ang le  o f  c o s - l  l/8 
; and X and Y axes remain undetermined. 

, (I-Y,) 

On s i m p l y f y i n y  equa t ion  (2) we o b t a i n  

A  O -A and (I-Y,) 

-A -A O 1 

s i n c e  t h e  area r a t i o ,  a3/al, i s  u n i t y ,  0 = cos-' 1 / 6  , and i s  i n  accord 

w i t h  t h e  s imp le  p o i n t  charge model. A l though t h e  f o u r  s i t e s  o f  i r o n  a r e  e- 

q u i v a l e n t ,  t h e  f a c t  t h a t  the c r y s t a l  s t r u c t u r e  i s  o f  c u b i c  s y m m t r y  r e q u i -  

res t h a t  t h e  e f g  must e i t h e r  van ish  a t  t h e  i r o n  s i t e s ,  which i s  c o n t r a r y  

t o  t h e  exper imenta l  f a c t  of AE = 0.62 mm/sec, o r  t h a t  t h e  e f g  p r i n c i p a l  Q 
dxes must be o r i e n t e d  i n  such a  way t h a t  t h e  average e f f e c t s  summed over  

the  f o u r  s i t e s  must s a t i s f y  t h e  g iven  symmetry. 



Meen Square Displacernent 

The r e c o i l f r e e  f r a c t i o n  i s  given by 

Now, l e t  <x2>, <y2> and <z2> represent the three components o f  the diago- 

naised MSD tensor. Then i n  any d i r e c t i o n  K,  <r2> i s 5 2  

- 
here 6 and E are the po la r  and azimuthal angles o f  K. I f ,  a , B and y are 

the Eu ler 's  angles spec i f y i ng  the o r i e n t a t i o n  o f  MSD pr i r i c i pa l  axes w i t h  

respect t o  the c rys ta l l og raph i c  axes, then the MSD along a, b ,  ~ n d  c are  

<r2> = <x2> (COS a cos Y - s i  r, u cos B s i  n Y) + a 

<yi2> (COS B s i n  Y - s i n  E cos 8 cos Y ) ~  c 

<z2> (s in2a sin2B) 

<r2> = <x2> ( s i n  a cos Y + cos a cos B s i n  v ) ' +  b 

<y2> ( s i n  a s i n  Y - cos a cos B cos Y) '  + 

<z2> ( ~ 0 5 ' ~  s in26) (12) 

However i n  p y r i t e  the e f g  ax i s  i s  a symrnetry ax is ,  (and a = b = c )  

<r2> <p2> = <$> 
a b C (14) 

The above equations (111, (1'2) and (13)  can be solved w i t h  three r e s t r i c -  

t i ons :  

1 .  <x2> # <y2> # <s2>, i n  t h i s  case no f u r t h e r  s o l u t i o n  i s  possib le.  

2. <x2> = = <z2>, i s  a, abvious case i n  ~ y r i  te, bu t  a more general 

so lu t i on  than t h i s  solut!on w i l l  be 

3 .  <& = <y2> # <z2> 



P u t t i n g  the  r e s t r i c t i o n  3 i n  equat ions ( l l ) ,  (12) and (13) ,  we 

o b t a i n  

Thus, f o r  each s i t e  o f  i r o n ,  e fg  and MSD can be considered t o  

imenta l  l i n e w i d t h  i s  

c o i n c i d e  w i t h  each o t h e r .  

A f t e r  ~ a n c r o f t ~ ~ ,  t h e  exper 

r = r  + r  
exp a s 

where ra + Ts i s  t h e  w i d t h  r e x t r a p o l a t e d  t o  X = 0, TH i s  t h e  n a t u r a l  
exp. 

l i n e w i d t h ;  and X = nfao ,  here n i s  t h e  number o t  atoms of Mtissbauer i s o t o -  

pe/cm2, f i s  t h e  Mtlssbauer f r a c t i o n  and o. i s  t h e  maximum c r o s s s e c t  i o n  

a t  resonance and i s 5 4  2 5 5 . 7 5 4 ~ 1 0 - ~ ~  cm2. Wi th  t h e  r e l a t i o n  o f  p y r i t e  ab- 

so rber  th i ckness  and l i n e w i d t h ,  f ig .9 ,  we determine the va lue  o f  MBssbauer 

f r a c t i o n  t o  be 0.202-+0.020 a t  room temperature; and u s i n g  t h e  v a l u e  o f  K ~ =  

= 5 . 3 3 4 ~ 1 0 ~ ~  from  MEDI^^, we o b t a i n  <z2> = 0 . 4 3 4 ~ 1 0 - ~ *  ' 0.023 cm2 a t  room 

temperature. 

0.0kc  ' . 
013 ( 

L I N E  WIDTH IN rnm/Sec. 

Fig.9 - Linewidth var iat ion wi th absorber thickness 

( p y r i t e )  . 



Suzdalev e t  and Finklea,  1 I I, e t  have a l s o  ca lcu la-  

ted the magnitude o f  the  p r i n c i p a l  axes o f  the mean squared displacement o f  

the Fe atonis, i .e. <x2> p a r a l l e l  and perpendicular  t o  I111 1 ax is ,  Suzdalev 

e t  aZ. found the d i f f e rence  i n  magnitude o f  the p r i n c i p a l  ax i s  by about a 

f a c t o r  o f  two wh i l e  Finklea, I I I ,  e t  aZ. found t h a t  the d i f f e rence  between 

the  two values cannot be greater  than 9%. 

Area Ratio Unity Independent of Orientation 

It i s  i n t e r e s t i n g  t o  note t h a t  the experimental peak area ra-  

t i o s  i n  p y r i t e ,  t ab le  48, are equal t o  un i t y ,  independent o f  c-'----*:nn 

(except f o r  the f i r s t  f i v e  measurements reported, which most 1 i k e l y  a r e  

due t o  i n t e r f e r r i n g  impuri t i e s )  . 
For the t h i n  absorber l i m i  t the peak area r a t i o  given i n  equa- 

- ~ ~ < r ~ > ~ ~ ~  t i o n  (2) and a r e l a t i o n  o f  cos ei i s  i n  equation (3), b u t  fi = e 

Now p u t t i n g  the values o f  cos20. f o r  each s i t e  o f  i r on ,  t a b l e  5, the  f o l -  
Z 

lowing peak area r a t i o s  are given:  

the upper and lower s ign  o f  k i n  ai represent a3 and al respect ive ly .  Now, 

i f  i n  equation (15) v i s  zero, which means t h a t  the r e c o i l l e s s  f r a c t i o n  i s  

i so t rop i c ,  then the area r a t i o  w i l l  always be u n i t y  f o r  any values o f  8 

and $ i n  case o f  a monocrystal l ine p y r i  t e  sample. In  other words area ra-  

t i o  o f  u n i t y  w i l l  be independent o f  o r i e n t a t i o n  o f  the c r y s t a l  w i t h  res-  



Fe s i t e  D i r e c t i o n  o f  cos 2%i 

e f g  2-axi s  

(0 0 0) 1 1,1,11 I 3 [ l+s in20sin2@ + s in20(cos@ + siri@)! 

l a b l e  5.  Express ion f o r  cos2ei (ei b e i n g  the  ang le  between the  

y - r a y  d i r e c t i o n  and the e f g  2 a x i s )  i n  terms o f  exper imenta l  

angles O and @. 

pec t  t o  t h r  y- ray  beam. However, i n  case o f  p o l y c r y s t a l l i n e  p y r i t e  absor-  

be r  t h e  area r a t i o  w i l l  s t i l l  be u n i t y  because the  angular-dependent p a r t s  

cancel  o u t  and t h e  l a t t i c e  v i b r a t l o n a l  a n i s o t r o p ~  i s  zero.  

4. STRUCTURE TRAMSFORMATIQN 

P y r i t e  i s  t h e  most s t a b l e  o f  t h e  d i s u l p h i d e s  and i t s  therm,l 

s t a b i  l i t y  i s  up to  7 4 2 ' ~ .  ~ l e e t ~ ~ ,  u s i n g  the  s i n g l e  X-ray t e c h n i q i i e , s ~ i d i e d  

the  phase r e l a t i o n s h i p  wnen one minera l  i n v e r t s  t o  t i i e  o t h e r  ( m a r c a s i -  

t e  $ p y r i t e ) .  Exper imenta l  l y  i t  í s  p o s s i b l e  t o  t r a n s f o r m  p y r i t e  t o  marca- 

s i t e  and v l c e  versa by v a r y i n g  the  ex te rna1  c o n d i t i o n s  o f  temperat i i re  and 

pressure,  perhaps th rough  some t r a n s i t i o n a l  f ~ r m ~ ~ ,  such as a-NiAs,. A hy- 

p o t h e t i c a l  mechanism f o r  the  t rans fo r rna t ion  frorn the  p y r i t e  t a  the  marca- 

s i t e  t y p e  o f  s t r u c t u r e  has been suggested by B r o s t i g e n  & ~ j e k s h u s ~ ~  on t h e  

b a s i s  o f  p o s t l i l a t e d  r e o p i e n t a t i o n  o f  h a l f  o f  the non-metal p a i r s  i n  t h e  

p y r i t e  l a t t i c e .  I t  i s  s imp ly  suggested t h a t  f o r  s t r u c t u r a l  t r a n s f o r m a t i o n  

t o  take  p l a c e  ( p z r n ) ,  t h e  I l l i I  a x i s  o f  p y r i t e  n u s t  go i n t o  t h e  b a x i s  

o f  marcas i te  ( e f g  axes o f  p  and ni r e s p e c t i v e l y )  o r  v i c e  versa b y  u n d e r -  

go ing  a  change o f  ang le  o f  c o s - l  1 / 6 .  



1. L .Pau l ing  and M.L.Haggins, Z. K r i s t a l i o g r .  87, 205 (1934). 

2. H.Haraldsen and W.Klenim, Z.Anorg.Al1eg.Chem. 223, 409 (1935). 

3. H.Harajdsen, Avh. Ncr. Vidensk.-.Akad. Oslo.  Mat. Naturv idensk KI,  4.3 

(1947). 

4. A.Serrc:s, J. Phys. Radium 1o9 689 (1953). 

5. L.?aul  i n g  i n  The Nature o f  Chemical Bund ( l o r n e l l  u.P.) 1960. 

6. F.Hul l  i g e r  and F.Moorer, J.Phys.Chem.So1 l d s  26, 429 (1965). 

7. A.A.Teniperlay i n d  i-I.W.LaFevre, J.Phys.Chem.Solids 27, 85 (1966). 

8. S.Miyahara and I .Teran i . i h i ,  J.Appl .Phys. 35, 896 (1968). 

9. K.Adachi, K.Sato and M.lakeda, J.Phys.Soc.Japan 2 6 ,  631 (1969). 

10. P.A.Mo~tano and M.S.Seehra, S o l i d  S t a t e  Comun. 2 0 ,  897 (1976). 

11. T.A.Bither,  R.J.Bouchand, W.H.Cloud, P.C.Donohue and W. J. Siemons, 

Inorg.Chem. 7, 2208 (1968) . 
12. T.M.Baleshta and H.P.Dibbs, Mines Branch Technica l  B u l l e t i n  TB 106, 

(1969) Ottawa, Canada. 

13. R.T.Shuey i n  Semiconduct ing Ore Minera ls  Developments I n Economic 

Geology No. 4, (1975). E l s e v i e r ,  Amsterdam, Hol land.  

14.  1 .Solorran, Compt. Rend. 250, 3828 (1960) ; Compt. Rend. 251, 2675(1960). 

15. P. lmbert,  A.Gerard and M.Winterberge , Compt.Rend. 256, 4391 (1963). 

16. W.Kerler, W.Neuwi,-th, i . F l u c k ,  P.Kuhn and B.Zimmermann, Z.Phys. 1 7 3 ,  

421 (1963). 

17. J.A.Morice, L.V.C. Rees and D.T.Rickard, J . l n o r g .  Nucl.  Chem.31, 3797 

(1969) . 
18. R.H.Goodman and J.E.Richardson, Rev.Sci.lnstrum.37, 283 (1966). 

19. R.H.Goodman, Chem. Cad. 18, 31 (1966). 

20. P.Debrunner, R.W.Vaughan, A.R.Chanipion, J.Cohen, J.A. 

H.G.Drickamer, Rev. Sc i .  Inst rum. 37, 1310 (1966). 

21. R.W.\laughan and H.G.Drickamer, J.Chem.Phys. 47, 468 ( 

22. A.Gerard, C o l l .  I n t .  Centre Nat. Rech. Sc i . ,  No. 157 

t i o n s  du c e i i t r e  Na t iona l  de I a  Recherche S c i e n t i f i q u e s ,  P 

55-67. 

Moyzis J r . ,  and 

1967) . 
Orsay (1965) Ed i -  

a r i s ,  (1967) pp. 

23. J.F.Lofelhocz, R.A.Fr iedel  and T.P.Koi-nan, Geochim. Cosmochim. Acta 32, 

2261 (1967) . 
24. P.A.Montano, Fuel 56, 397 (1977). 



25. E.Ye. Va insh te in ,  P.M.Valor, G.P.Barasanov and M.Ye. Yakovleva, Geo- 

chim. I n t .  717 (1967). 

26. A.H.Zhetbaev and D.K.Kaipov, I z v .  Nauk. Kaz. SSR, Ser. F i z .  Mat. 6, 78 

(1968). 

27. G.N.Goncharov, Yu.M. Ostanevich, S.B.Tomilov, and L.Cser, Phys. S t a t .  

S o l i d i  37, 141 (1970). 

28. G.N.Goncharov, Yu. M.Ostaneich and S.B.Tornilov, I zv .  Akad. Nauk. SSSR, 

Ser. Geol. 8, 79 (1970). 

29. R.A.Baker, Water Res. 6, 9 (1972). 

30. I.P.Suzdalev, 1.A.Vinogradov and V.K.lrnshennik, Sov.Phys. S o l i d  S t a t e  

24, 1136 (1972). 

31. J.O.Figueiredo and V.K.Garg, Radiochern. Radioanal.  L e t t s .  I 8  , 233 

(1974) . 
32. I.D.Cherkes and V.P.Shumeyko i n  P r o c e e d i n g s o f  I n t .  N a t .  C o n f .  On 

Mdssbauer Spectroscopy, Carcow, Poland, Vo1.2, pp.389 (19751, Eds. A. Z. 

Hrynk iew icz  and J.A.Sawcki. ( ~ y k o n a n o  W Powíe la rn i  Akademíi Gorníczo-  Hut- 

n i c z e j  i n  S .  Staszcca, Carcow, Poland 1975). 

33. D.N.Abishev, Yu. B . V o i t k o v s k i i ,  A.V.Astakhov, Z.N.Balt inova and L. J. 

Sergazina i n  Proceedins o f  I n t .  Nat. Conf. On MUssbauer Spectroscopy, Bu- 

charest ,  Romania, Vol .  1, pp 373 (19771, Eds. D.Barb and D.Tarina (Revue 

Rournaine de Physique and Documentation o f f i c e ,  Cen t ra l  I n s t i t u t e  o f  Phy- 

s i c s ,  Bucharest, Romania, 1977). 

34. D.P.E.Oickson, L . H e l l e r - K a l l a i  and I .Rozenson, Geochim. Cosmichim.Acta. 

43, 1449 (1979). 

35. G.V.Tyulenev, G.l.Marks, A.F.Krethman and V.A.Vamek, Inv.Sib.Otd.Akad, 

Nauk. SSSR. Ser. Khim. Nauk. 14, 21 (1976). 

36. V.Kothekar, Procd. I n t .  Nat.  S c i .  Acad. P a r t  A, 40, 112 (1974). 

37. R. G.Burns and J.D.Vaughan, Am.Minera1. 5 5 ,  1576 (1970). 

38. A.Kjekshus and D.G.Nicholson, Acta Chem. Scand. 25, 866 (1971). 

39. J.B.Goodenough, J. S o l i d  S t a t e  Chem. 5 ,  144 (1972). 

40. S.L.Finklea, I II, L. Cathey and E.L.Ama, Acta C r y s t a l l o g r .  Sect. A, 

32, 529 (1976) . 
41. H.H.Eyse1, H.Sieber t  and G . A g i o r g i t i s ,  Z.Natur forch (B) ,  24, 932 (1969). 

42. J.B.Ward and D.G.Howard, J.App1. Phys. 47, 388 (1976). 

43. L.N.Kramer and M.P.Klein, J.Chem.Phys. 51, 3618 (1969). 

44. V.K.Garg, Y.S.Liu and S.P.Puri, J.Appl.Phys. 45, 70 (1974). 

45. R.Garg and V.K.Garg, Appl.  Phys. 16, 175 (1978). 



46. R.Garg, Vishwamitter, V.P.Gupta and V.K.Garg, i n  Proceedings o f  I n t .  

Conf. Mussbauer Spectroscopy, 10-1 4 September 1979, Portoroz, Yugos l av ia ,  

J.Phys. C-1, 355 (1980). 

47. Y.S.Liu, J.Phys. C-2, 400 (1979); Phys. Rev. B20, 71 (1979); T.W.Guet- 

t i nge r  and D.L.Will iamson, Phys. Rev. BZO, 3938 (1979). 

48. H.Strung, Mineralogical  Tablen (Akademie Verlag, Leipzig,  1957) ; G. 

Brost igen and A.Kjekshus, Acta Cem. Scand. 23, 2186 (1969) and references 

there in ;  E.K.Li, K.H.Johnson, D.E.Eastman and J.L.Freeouf, Phys.Rev.Letts. 

32, 470 (1974). 

49. M.L.Huggins, Phys. Rev. 19, 369 (1922); Z.Kr ist .  96, 384 (1937); W. F. 

de Jong, Physica 6, 325 (1926); J.Garrido, B u l l .  Soc. Franc. Mineral, 74, 

397 (1951); R.W.G.Wycoff, Crys ta l  Structures 1, 355 (1963); W. Gorzkowski, 

Acta Physics Polon. 24, 527 (1964); H.Strung, Neus Jahrb. Mineral .Monatsh. 

9, 247 (1965); W.B.Pearson, Z .Kr is t .  121, 449 (1965); G.Brostigen,A.Kjeks- 

hus and Chr.Romming, Acta Chem. Scand. 27, 2791 (1973) and references the- 

re in ;  B.Masori, L. G.Berry, i n  Elements o f  Mineralogy (W .H .Freeman and Com- 

pany, San Francisco, 1960) p. 260. 

50. P.Zory, Phys. Rev. 140, A1401 (1965). 

51. J.D.Donaldson, A.Kjekshus, D.G.Nicholson and M.J.Trecker, Acta Chem. 

Scand. 26, 3215 (1972). 

52. R.W.Grant, R.M.Housley and U.Gonser, Phys. Rev. 178, 523 (1969). 

53. G.M.Bancroft i n  Melssbauer Spectroscopy: An In t roduct ion  f o r  Chemists 

and Geochemists, John Wiley & Sons, New York, USA. 

54. MJssbauer E f f e c t  Data Index (1976) Ed. J.G.Stevens and V.E. Stevens, 

Plenum Press, New York, USA (1978). 

55. Müssbauer E f f e c t  Data Index (1958-1965) Ed. A.H.Muir, Jr., K.J. Ando 

and H.M.Coogan, Interscience,  New York, USA (1966). 

56. M.E. Fleet ,  Can. Mineral 10, 225 (1970). 

57. W.N.Stassen and R.D.Heyding, Can.J.Chem. 46, 2159 (1968). 

58. G.Brostigen and A.Kjekshiis, Acta Chem. Scand. 24, 2983 (1970). 


