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Arsrru.cr

Optical transitions and the Mdssbauer parameters isomer shift and quadrupole splitting
have been compared with corresponding values computed from molecular orbital cluster
calculations for ferric and ferrous ions in several minerals. Clusters comprised only Fe and
the neighboring oxygen ions. Two molecular orbital methods-the iterative extended Hiick-
el theory (rnnr) and the multiple scattering Xa (MS-Xa) method-were used.

Values derived from the renr method follow the trends that are predetermined by mea-
sured values, with the exception of the sigrr of the quadrupole interaction in gillespite. This
failure is attributed to the inadequacy of the simple rnnr method to represent the electronic
structure ofgillespite. The situation considerably improves after taking into account con-
figuration interaction among the five low-lying quintet states of the ferrous high-3pin
FeO! cluster.

The more sophisticated Ms-Xa method has only been successful in describing optical
data and isomer shifts, whereas calculated quadrupole splittings are unsatisfactory. Vari-
ations in the parameters did not improve this situation; therefore we suspect that the
observed limitation of our MS-Xa results is due to the small cluster size used here.

INrnooucrroN

There have been many spectroscopic studies on the Fe
sites in minerals using X-ray crystallography, polarized
electronic spectroscopy, and Mdssbauer spectroscopy. Each
method enables the experimentalist to observe different
aspects of the behavior of Fe. Since ligand field theory,
which has often been used to interpret the electronic struc-
ture and hence the optical spectra (see Burns, I 970), suffers
from some difficulties, Aldridge et al. (1982) calculated
the electronic structure of ferrous ions in the minerals
gillespite, garnet, and olivine by a semi-empirical molec-
ular orbital method (iterative extended Hiickel theory,
rEHr). This method has the advantage that it is easy to
handle and relatively economical of computer time. With
the semi-empirical parameter set published earlier (Traut-
wein et al., 1975), the only parameters dependent on the
mineral type were the positions of the ferrous ion and the
neighboring oxygen atoms, which, however, were known
from X-ray structure studies.

The rrnr method has also been successfully used to
calculate the Mdssbauer parameters quadrupole splitting
(QS) and electron density at the Fe nucleus [p(o)] as a
measure of the isomer shift (IS) of a large nurnber of
compounds (Marathe and Trautwein, I 9 8 3) including iron-
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oxygen compounds (Trautwein et al., 1975; Reschke et
a1.,1977), ferrocene (Lauer et al., 1982), and iron halides
(Grodzicki et al., l98l). In the present work, reHr has
been used to calculate the Mdssbauer parameters QS and
p(o) for several minerals in the cluster approximation. The
results from such a "cluster" calculation cannot be ex-
pected to give a completely accurate description of the
minerals' electronic structure, and Winkler et al. (1983)
have shown the effects that occur, e.g., in yttrium iron
garnet (YIG), when the cluster size is increased. However,
the calculations on large clusters (including up to 63 at-
oms) used many hours of computer time, and in addition
the QS and p(o) computed from the smallest clusters (i.e.,
FeO!- and FeOf -) were nearer to the values obtained from
the largest clusters than to the values obtained from clus-
ters of intermediate size. This is due to the fact that the
point symmetry of Fe in intermediate-size clusters is not
well preserved. Therefore, in this work, we restricted our-
selves mainly to calculations on the smallest reasonable
clusters, consisting ofFe and its nearest oxygen neighbors.

Tossell (1976), Tossell and Gibbs (1977), and Tossell
et al. (1974) (and others cited in these papers) were the
first to study Fe minerals by the multiple scattering Xa
method, MS-Xa. They used clusters where Fe was in oc-
tahedral, tetrahedral, or square-planar coordination to
oxygen, and they related the electronic structures of these
models to those of minerals. More recently Tang Kai et
al. ( I 980b) and Sherman ( I 984) have used the same meth-
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transitions for some minerals. Experimental data are taken from
(I) Burns et al. (1966); (II) and (III) Burns (197A, 1970 afi,
Routcliffe (1976); (IV) Huegins (1975) and references therein.

od to calculate the bonding of Mn in minerals. We were
interested to learn if the MS-Xa method would correctly
describe (l) the energies ofoptical transitions and (2) the
parameters QS and p(o) for a series of minerals with dif-
ferent geometries when we again use the smallest cluster
with Fe and its oxygen neighbors only.

C.{Icur,arroN METHODS

The full details of the rcsr method have already been
published (Trautwein etal.,1975; Grodzicki et al., l98l).
Our present application differs from that of Aldridge et
al. (1982) in that (1) we used here the rEHr parameters
tabulated in the paper by Grodzicki et al. (1981) with the
single exception of eo for oxygen [following Trautwein et
al. (1975), we used 50 eV for oxygen 2s and 33 eV for
oxygen 2pl and, (2) we used open-shell electronic config-
urations (S : 2 for ferrous or S : 2.5 for ferric systems).
These provisions improved both the ease and speed of
convergence. It took less than 5 min of CPU time on a
vnxl l/750 for each teHr calculation to converge to a self-
consistent charge of maximum deviation of less than 0.01
ofan electron. The Miissbauer parameters were calculated
from the rsnr wavefunctions in the manner described by
Grodzicki et al. (1981) with the improvements by Lauer
et al. (1982).

For the MS-Xa calculations, we have used the program
by Cook and Case (1983), where the Mdssbauer param-
eters were calculated from the one-electron package using
the charge-partitioning scheme of Case and Karplus ( I 976).
By "optimizing" the MS-Xa parameters for each com-
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Table 1. Parameters used in the MS-Xo calculations

n o .  n i n e r a l l ra,  l latson sphere

r a d i u s  i n  a . u .

rad  i  us

l n  a . u ,

( l )  g i l l e s p i t e

outer sphere 5.8764

Fe 2 .4064

o 2 ,1264

( I I )  o l i v i n e  1 4 l

outer sphere 6,4983

Fe 2.4985

0  ( a )  2 . 2 2 6 7

0 (b )  2 .2181

0 (c )  2 .2858

( l l I )  o l i v i n e  i , l 2
^ ' r t a F  < h h a r a  6  6 q 7 4

F e  2 , 5 0 2 2

0  ( a )  2 . 2 9 9 7

o  ( b )  2 . 2 1 7 9

0  ( c )  2 . 3 2 4 6

0 (d )  2 .1904

(  IV  )  garne t

ou ter  sphere  6 .8227

Fe 2. 5680

0 (a )  2 .2589

0 (b )  2 ,3562

.73748

. 7 1 1 5 1

.74447

,73976

,71151

.74447

,74447

,74447

.73976

,71151

.74447

.74447

.74447

.74447

.74081

. 7 1  t 5 l

.74447

.74447

4  4 , 2 1 2

2

1

I

I

4

2

1

1

I
1

4 . 3 3 0

4

2

1

1

4.4665

pound, it would have been possible to obtain calculated
optical energies that would give better absolute agreement
with experiment. Tossell (1976) has in fact achieved a
better agreement for the optical spectrum ofgillespite than
we did (Fig. l) by using in his MS-Xa calculations a
FeO[- cluster with Don symmetry and touching spheres.
It was shown by Aizman and Case (1981) and by De
Siqueira et al. (1975) how orbital eneryies and also Mdss-
bauer parameters depend on MS-Xa parameters. How-
ever, since we were interested in obtaining results that
could be directly compared over a series of minerals, we
wanted to be independent from variations of MS-Xa pa-
rameters as much as possible. Therefore we have used the
automatic features ofthe program by Cook and Case (1 983)
to determine overlapping sphere sizes. The Watson sphere
size was chosen in the same way as by Tossell et al. (1977)
and Tossell (1974), i.e., so that the Watson sphere passes
through the center ofthe oxygen atom farthest away from
the Fe. Table I includes the parameters that have been
used in our MS-Xa calculations. To reach convergence of
0.0001 a.u. in the potential, the SCF part of the MS-Xa
program took about 40 min for a FeO!- cluster (gillespite),
and between 4 and 6 h for the FeO;o- cluster (olivine)
and FeOla- cluster (garnet). Virial ratios ranged from
-2.001 to -2.005 for these clusters.

Rnsur,rs AND DrscussroN

The origin of the crystal structure data of the minerals
under study here is given in Table 3. We have selected
these crystal structures to generate the coordinates of our

I E H T ,  + ( P r e s e n t
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Table 2. Characterization of the spin-up and spin-down valence orbitals as derived from MS-Xo calculations

sp in  up  Mos spin down Mos

sym. energy occup. - Fe - -Oa- -0b-

repres .  s  p  o  s  p  s  p

-1  A0 charac ter -

sym. energy occup. -Fe- ---0a- -0b-

repres .  s  p  d  s  p  s  p

A
82
B3
B I
82
A
B3
B 1

- 2 . B 1 0  1 . 0
- 2 . 7 7 7  I  . 0
- 2 , 7 6 5  1 . 0
- 2 , 7 6 4  1  . 0
- ? . 7 3 7  1 . 0
- 2 . 7 3 6  1 . 0
- 2 . 7 3 2  1  . 0
- 2 . 7 0 6  1  . 0

A -2 .802
82 -2 .766
83 -2 .762
81 -2 .758
8 2  - 2 . 7 3 3
A  - 2 . 7 2 9
8 3  - 2 . 7 2 0
81 -2 .698

- 1 . 3 8 7
-1 .376
- 1 . 3 3 3
- 1 . 3 2 5

-  1  . 3 1 0
-1 ,239
-1 .226
- 1 . 2 2 2
- 1  . 1 8 0

58
97
4

45
0

38
93

0

3 7
0

93
52
98
59
4

46

53
97
3

38
0

43
95
59

0
0
0
0
I
I
0
2
0
0
0
0
0
0
0
0

1 9

t 3
0
0
1

2
62

5
3 0
1 8

5
4
0
0
2
0
1
0
1
3
3
3
2
0
0

1 2
1
B
0
5
1
0
0
4

49

6 3
9 1
B8
86

85
0
0
3
1

0
0
0
0

0
0
0
0
0

0
1
1
1
0
0
0
0

43
0

95
59
98
54
3

39

0
0
0
0
0
0
0
0

43
44
48
40
3B
50
2 5
40
82
5 9
43
52
26
6 1
70
23
B5
41
6 3
60
46
l 5
2 9
43
4

2
2

l 0
6

0
2 2
8

2 2
27

A
B ]
A
A
B3
82
B 1
B3
sz
82
B3
A
B3
82
B 1
A
A
B I
82
B3
92
B1
A
B3
B 1

2
0
0
0
0
0

- 1 . 9 1  I  1 . 0
- ' t . 9 1 0  1 . 0
- 1 . 8 5 9  1 . 0
- 1 . 8 5 5  L 0
- 1 . 8 5 0  1 . 0
- 1 . 8 4 5  1 , 0
- 1 . 8 3 2  1 . 0
-1 ,829 1  .0
- 1 . 8 2 1  1 . 0
- 1  . 7 9 7  1  . 0
- 1  . 7 9 6  1  . 0
- 1  . 7 8 6  |  . 0
- 1 . 7 4 1  1 . 0
- 1  . 7 3 7  1  . 0
- 1 . 7 3 3  1 . 0
- 1 . 7 2 4  1 . 0
- 1 . 7 1 5  1 . 0
- 1 . 6 9 8  1 . 0
- t . 6 9 6  1 . 0
- 1 . 6 9 5  t . 0
- ' t . 6 7 5  1 . 0
- 1 . 6 7 1  t . 0
- 1  . 6 6 2  1  . 0
- 1  . 6 4 7  1  . 0
- 1  . 6 4 2  1  . 0

- 1 . 6 0 2  1 . 0
- 1 . 5 9 1  1 . 0
- 1 . 5 8 0  1 . 0
-1  .567 1  .0

- 1  . 3 8 7  0
- 1 . 2 3 2  0
- 1 , 2 2 0  0
-1 .216 0
- 1 . 1 7 3  0

0
0

l 1
6

1 9
1 B
1 0
1 4
t 9
26
0

22
2

23
1 0
33

1 4
69

43

1 0
3 1
3 2

0
0
0
8
4

46
44
57
2 2
49
42
43
2 7
7 3
23
28
2 7
t 9

1 4
6

43
29
56
27
30
3B

74
7 1

1
3 0
6 1

I
5

1 9
1 2
l 9

34
36
1 8
54
26
3 0
46
4 5
1 7
5 t
60
39

2 1
t 5
42
1 3
63
33
69
6 9
60
41
24
28

42
66
36

1

3
22
I

21

A  - 1 . 8 9 4
B l  - 1 . 8 9 3
A  - 1 . 8 3 9
8 3  - 1 . 8 3 9
A  - 1 . 8 3 5
8 1  - 1 . 8 2 8
82 -l.826
9 2  - t . 8 t 4
8 3  - l . 8 0 9
8 3  - l , 7 6 9
B2 -1 .762
A -1 .141
82 -1 .702
81 -1 .694
8 3  - 1 . 6 9 1
83 -1 ,676
82 -1 .674
A  - 1 . 6 6 8
81 -'t.667
8 2  - 1 . 6 6 1
A  - 1 . 6 5 6
8 3  - 1 . 6 3 9
B 1  - 1 . 6 3 6
B 1  - i . 5 1 9
A  - 1 . 4 0 8

50
3 5
50
54
4 0
72
5 1

36
5 1
43
66
34
26
64
l 3
43
36
3 3
52
8 1
69
5 l
3

0
4
0
4

1 1
5

1 9
1 0
l 7

0
0
0
0
0
0
0
0
0
0

0
0
0
0

53
8

66
28
3 1

. 0

. 0

. 0
0

. 0

. 0
0

. 0
0
0

. 0

. 0

B 1
82

B3

A
82
B3
A
B 1

40
52

5
26
1 7

B 1
B2
A

B3
82
B3
A
B 1

1 9
0
l
0

0
8

32
34

N o t e :  A l l  e n e r g i e s  a r e  i n  r y d b e r g s ,  T h e  o c c u p a n c y  g i v e s  t h e  n u m b e r  o f  e l e c t r o n s  j n  a  m o l e c u l a r  o r b i t a l  ( 1 t 1 0 ) .  T h e
s y m m e t r y  r e p r e s e n t a t i o n  c o r r e s p o n d s  t o  t h e  t r a n s f o r m e d  c o o r d i n a t e s  ( i n  a t o m i c  u n i t s )  w h e r e  F e  i s  a t  0 ,  0 ,  0 ;  0 a  i s  a t
0 . 7 3 5 1 ,  3 . 4 5 7 1 .  2 . 2 5 2 1 t  a n d  0 b  i s  a t  3 . 6 0 7 7 ,  - 0 . 6 0 5 4 .  2 . 5 6 2 7 .

iron-oxygen clusters that contained the greatest amount
of Fe in the appropriate site. The influence of structural
changes is illustrated, for example, by the calculated QS
of Fe3* in the M3 epidote site. The rEHr value derived
from allanite containing l2o/oFe3+ ardl2o/o Fe2* (Dollase,
1971,1973) was 1.16 mm.s-r, compared to 0.86 mm's-r
derived from epidote containing 850/0 Fe3+ (Gabe et al.,
r 973).

From the rnnr calculations ofthe four reference clusters
(gillespite, olivine Ml and M2, and garnet) originally stud-
ied by Aldridge et al. (1982), we found that the molecular
orbitals (MOs) indeed reflect a ferrous high-spin state,
with identical ordering of orbitals as observed by Aldridge
et al. (1982). We then used the approximation to calculate
the optical transitions from the energy difference between
MOs having predominant d character. The comparison
between the calculated and experimental transitions is
made in Figure l, and an approximately linear relation-
ship is observed except for the case ofthe gillespite 7500
cm-' band. The optical transitions were also calculated
with the spin-polarized MS-Xa routine using Slater's tran-
sition-state method. We again observe an almost linear
relationship between calculated and experimental tran-

sitions (Fig. l). In gillespite, the ordering of the lowest
unoccupied molecular orbitals (LUMOs) is identical to
the situation in the rBnr results. But for olivine and garnet,
we found from the MS-Xa calculations an extra MO with-
in the sequence of the LUMOs with the same d-character

r . ^
E  - t o

&

?  
- . t

- 1 0

-  l . t

- 2 6

- 3-0

- l-  
|  unoccup ied

: l- "1- 
HoMo, Fe(3d), o(2s)

unoccupled

Fe(3d),0 { 2p)
0 (2p)

Fe{ld),0 (2p)
-

0 (2s) 0 (2s)

sp in  uP sprn  60wn

Fig. 2. MS-Xa valence electronic structure of FeOia- (IV:
garnet).
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Table 3. Details of experimental and calculated (IEHT) Mcissbauer parameters and structures of mineral clusters

no.  minera l  s i te  coord .  exp .s ign  Qsexp(m-1)  rs ! l !5 rm-11 Ref .o f  Qsca lc ' IEHT(m-1)  . lu r t " "  Ref . fo r

o f  Fe  o f  e fg  4 .2K 80K 300K 4 .2K 80K 300K exp.da ta fo r  Mo-ca lc .  s t ruc tu re

g i l l e s p i t e  F e z *  4  +  0 . 5 6  0 . 5 1  0 . 8 4  0 . 7 6  a  - 0 , 8 4  r e o ! -
_ 0 . 0 4 ( r E H T - c r )  r e o f _

I I  o l  i v i n e  l 4 1 , F e z *  6

I I I  o t i v i n e  M 2 , F e 2 +  6

IV garnet Fe2* 8

v garnet Fe3* 6 +

v r  Y I G  F e 3 *  4  -

V I  I  Y I G  F C 3 *  6  .

V l l l  f e r r o s i l i t e  t 4 l , F e 2 +  6

I X  f e r r o s i l i t e  l { 2 , F e Z +  6

X  e p i d o t e  l , l 3 , F e 3 +  6

X I  e p i d o t e  l 4 3 , F e 2 +  5

x I I  b i o t i t e  M | , F e z *  6

X I I I  b i o t i t e  M 2 , F e 2 *  6

2 . 8 9  1  . 1 6  b

3 . 0 7  2 . 8 6  2 . 6 0  1 . 3 0  1 . 2 3  1 . 1 6  c  + 3 .  1 9

2 . 9 0  1 . 1 7  b

3 . 0 8  3 . 1 0  2 . 8 9  1 . 2 2  1 . 2 2  1 . 1 6  c  + 3 . 2 0

3 . 5 3

0 . 5 5

0 . 8 9

0 . 4 1

3 , 1 3  2 , 4 9

2  . 0 0  1  . 9 1

2 . 0 5

1  . 6 7

2 . 5 8

2 . 1 4

0 . 3 9

0 .  1 5

0 . 3 8

1 . 3 1  t . 1 B

1 . 2 7  1 . 1 3

0 . 3 6

d , e  + 0 . 1 3

f  - 0 . 6 9

- 0 . 5 6

f  -0 .76

q  + 3 . 2 9

9  + 2 . 7 5

h  - 0 . 8 6

- 1 . 1 6

reolo-

reolo-

reola-

FeOT

Feo;-

63 atoms

Feoi

57 atoms

reoJ o -

reolo-

Fe0l

Fe0;

. . n 1  o  -'  ""6

reo]o-

r .n lo-' ' " 6

1 . 3 0  b

1 . 2 9  c , d  - 3 . 2 3

k

k

I

f,

n

n

o

p

p

q

q

0 . 9 0  h  + 2  . 5 5

1  . 0 7  i  + 3 . 0 3

1 . 0 6  j  + 3 . 0 0

( a )  C l a r k  e t  a 1 ,  ( 1 9 6 7 ) .  ( b )  B a n c r o f t  e t  a l .  ( 1 9 6 7 ) .  ( c )  R o u t c l i f f e  ( 1 9 7 6 ) ;  f a y a l i t e  ( s y n t h e t i c ) .  ( d )  A m t h a u e r  e t  a l ,
( 1 9 7 6 ) .  ( e )  l Y u r a d  ( , l 9 8 4 ) ;  T  =  1 2 1  K .  ( f )  l , l i n k ' l e r  e t  a 1 .  ( 1 9 8 3 ) .  ( s )  D o w t y  a n d  L i n d s l e y  ( 1 9 7 3 ) .  ( h )  D o l l a s e  ( 1 9 7 3 ) ;  s a m p l e s
H t i  a n d  P C .  ( j )  H o g g  a n d  t 4 e a d  ( ' 1 9 7 0 ) ;  s a m p l e  6 .  ( ; )  H a z e n  a n d  F i n g e r  ( 1 9 8 3 ) :  g r l l e s p r t e  a l  I  b a r .  ( k )  B i r l e  e t  a l .  ( 1 9 6 8 ) ;
f a y a l i t e .  ( l )  P r a n d l  ( 1 9 7 1 ) .  ( m )  N o v a k  a n d  G j b b s  ( 1 9 7 1 ) ;  a n d r a d i t e .  ( n )  B u r n h a m  ( 1 9 6 6 ) .  ( o )  G a b e  e t  a t .  ( 1 9 7 3 ) -  ( p )  D o l l a s e
( ' l 9 7 1 ) ;  a l l a n i t e ,  ( q )  B o h l e n  e t  a 1 .  ( 1 9 8 0 ) :  b i o t i t e ,

A b b r e v i a t i o n s  u s e d :  e l e c t r j c  f i e l d  g r a d i e n t  ( e f g ) ,  q u a d r u p o l e  s p l i t t i n g  ( Q S ) ,  i s o m e r  s h i f t  ( l S ) .

:
I

Eo
5

vl
@

-2

I '

trY
1l'-+

E--+

+ \ r
XI

a .  l I

. ] I [

E

Igo
I I- *

N +

I E H T  :  + o n d o
IEHT-CI : a
MS-Xa  ,1

- 1  - 2 0 2 t ,
QSe'P (mms- l  )

Fig. 3. Comparison of calculated (rEHr and MS-Xa) and ex-
perimental quadrupole splittings QS. The sign of QS corresponds
to the electric field gradient. Calculated rEHr values indicated
by + correspond to large cluster sizes. The rEHr-cr value obtailed
for FeO!- (gillespite) is indicated by A. As experimental values,
Iow-temperature data (if available) have been used, because at
300 K, spin-orbit coupling might reduce QS considerably com-
pared to at 4.2 K (see Table 3).

as the highest occupied molecular orbital (HOMO). How-
ever, no optical transition takes place to this MO.

As an example for the calculated electronic structure of
valence orbitals, we discuss the FeO{a cluster (IV: garnet)
in more detail. The characteization of MS-Xa molecular
orbitals in terms of atomic orbitals (AOs) was obtained
using the charge-partitioning method (Case and Karplus,
1976) to generate single-center orbitals. The energies of

118?8

il 8?5T  1 q n ? o

s
:

,  l )uo)

--2>l-=- r r
allili =-o.zt mms-t4 

-\.-5_=_

=- 0.22mms-1C

TT
i+ r*

I fi g[+'-

@

- =

o
I

-l+

0 05  1 .0  1 .5
IS (reL<-Fe) (mms-t )

Fig. 4. Comparison of calculated (rrnr and MS-Xa) electron
densities at the Fe nucleus p(o) with experimental isomer shifts
d. A1l experimental data refer to 300 K (see Table l). Calculated
rEHr values indicated by ! correspond to large cluster sizes. Cor-
recting the unrelativistic Ms-Xa values with the scaling factor
s: 1.3 yrolds aus-x : -0.185 mm.s-143.
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Tabte 4. IEHT orbital occupancies of Fe AOs derived for
FeO!-; I: gillespite

I  EHT I  EHT-CI

0 .  1 4

1 2 0

1 . 9 0

1  . 0 1

1  . 0 4

0 . 2 5

0 . 1 5

when Fe 4p,4d AOs are added to this basis set, the efg
becomes positive with QS taking the value of about 1.5
mm.s- ' .

2. Extending the cluster size from FeO!- by including
neighboring ions up to a distance of5 A from the central
Fe changes Q$""t"''* from -0.84 to -1.23 mm's-t and
hence does not improve the situation, contrary to the case
with YIG (VI and VII in Table 1) treated by Winkler et
al. (1983).

3. By applying configuration interaction (cI) among the
five rBnr-MO quintet states Ars, 5E", sBzs, and 5-8,r, we
arrive for the FeOl- cluster &t Q$'"r"' tmr-o : -0.04 mm'
s-t, which is closer to QS*o than Q5""'"' '*. Compared to
the value of q5""t"' '*, in QS-"'*'-o (a) the negative Fe
3d,4p contibution is smaller by about 0.6 mm's-' owing
to changes in the Fe 3d,4p orbital occupancies as seen in
Table 4 and (b) the positive overlap and ligand contri-
butions are larger by about 0.2 mm's-' owing to slightly
more negative charges q"* at the four oxygen ligands
(q"*: -1.70e).

We recall that our former rEHT-cI calculation on
FeO!- (Traurwein et al., 1975) yielded qs*t : +0.35
mm.s-l only because we used a nuclear quadrupole mo-
ment too large (Q : 0.21 barn); here we took the more
appropriate value Q:0. 16 barn.

The Ad-Ap(o)* relation in Figure 4 yields the value
-0.22 mm.s-'afl for the isomer-shift calibration constant
a : A0/Ap(o)'*, close to the value that we have obtained
from rrnr studies of iron-halide (a: -0.21 mm's-'afl;
Sanchez et al., 1979), iron-oxygen (a : -0.2 mm's-'43;
Reschke et al., 1977), iron-sulfur (a: -0.25 mm's-'43;
Trautwein et al., 1985), and other iron-containing com-
pounds (a: -0.21 mm's-'al; Marathe and Trautwein,
l  983) .

Our MS-Xa results of QS for clusters I to IV do not
match with experimental data, whereas the AD-Ap(o)Ms-x"
relation (after correcting for relativistic contributions)
yields the value -0.185 mm's-'43 for the isomer-shift
calibration constant ous-x", which is in reasonable agree-
ment with other trends (see the cy'u'r values from above
and the ag,s-x" value of -0.215 mm's-'afl reported by
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Fig. 5. Experimental Mdssbauer spectnrm of gillespite ob-
tained at 100 K under externally applied magnetic field of 6.74
T, which was applied parallel to the 7-beam. The spin-Hamil-
tonian analysis (solid line) yields QS : +0.56 mm s-r assurning
complete alignment of the crystalline c axis perpendicular to the
magnetic field.

the occupied valence orbitals comprise several bands,
which are shown in Figure 2 and which are identified in
Table 2 by their symmetry representations and AO char-
acter. rEHr results differ from MS-Xa results significantly:
(l) Fe(34O(2p) interaction is restricted mainly to the 4
highest singly occupied reHr MOs, whereas the MS-Xa
procedure yields more than 15 MOs with Fe(3d)-O(2p)
character; (2) Fe(3dl0(2s) interaction is reflected by the
4 highest doubly occupied rnur MOs, whereas the HOMO
of spin-up orbitals only represents Fe(3d)-O(2s) character
within the MS-Xa electronic structure. These differences
in electron distribution among AOs as derived from the
renr and MS-Xa method, respectively, are also reflected
by the calculated quadrupole splittings (see below).

We have derived QS and p(o) for clusters I to XIII using
the rrHr method and for clusters I to IV using the MS-
Xa method. When comparing calculated and experimen-
tal data (Figs. 3 and 4 and Table 3), we observe that reHr
values follow the trend that is predetermined by mea-
surement, with the exception of QS ofgillespite. To make
sure that the disagreement of QS@'c * and QS*n in gil-
lespite is not due to ambiguities of the sign determination
of quadrupole interaction, we performed a series of MOss-
bauer experiments (with various applied magnetic fields
at different temperatures) on a polycrystalline gillespite
sample, which exhibited a considerable degree of align-
ment although it was ground together with sugar in order
to avoid preferred orientation. The spin-Hamiltonian
analysis of the obtained spectra (one example is shown in
Fig. 5), however, unambiguously revealed that the electric
field gradient (efg) is positive, in agreement with the result
of Clark et al. (1967). Having established the sign of the
efg, we looked for reasons for the disagreement between
QS*k and QS*o, and we tried to refine the calculations:

I . The four negstively charged oxygen ions (q"*: - 1.64e)
in the x-y-plane of the cluster are not sufrcient to balance
the dominating negative contribution to the efg that arises
from the (doubly occupied) nonbonding Fe 3d" orbital
within the ferrous high-spin state of FeO! . An ab initio
calculation on FeO!- with caussreN 82 using the Huzin-
aga basis set yields practically the same result. However,

pz

Px,y

0 . 3 8
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Tang Kai et al. (1980a) for FeOi- clusters). From this, we
conclude that the gross population of Fe 3d and Fe 4s
shells as derived from the MS-Xa method is realistic;
however, the distribution of charges among the five Fe 3d
orbitals is not well represented. We carried out a number
of test calculations to check how dependent the QS of
gillespite is on the choice of parameters of the MS-Xa
method. Variations of the sphere radii by 80/0, of the Wat-
son sphere by 500/o and of the /-quantum number (which
is equivalent to the inclusion ofFe/and oxygen d orbitals)
caused changes in efg by l0o/o, l3o/o, and 2o/o, respectively.
Thus it seems that the limitations of our MS-Xa calcu-
lations are more likely due to the cluster approach than
to the calculation procedure itself.

CoNcr,usroNs

l. Simple rBnr calculations of clusters containing only
Fe ions surrounded by their oxygen neighbors can be used
to correlate the calculated and experimental optical and
Mdssbauer parameters of Fe in most tetrahedral, octa-
hedral, or 8-coordinated Fe sites within minerals.

2. The rBnr method may fail sometimes, as the case of
gillespite-which has square-planar coordination-has
shown.

3. Using the more sophisticated MS-Xa method has
not been altogether successful. Despite the reasonable
agreement between the optical spectra and the calculated
transitions, and the linear relationship between charge
densities at the Fe nucleus and the isomer shifts, the results
for the quadrupole splitting were not satisfactory, and we
believe that this is due to the inadequacy of the cluster
approach. We expect that better agreement between cal-
culated and experimental QS can only be achieved when
the effect ofthe bonding ofthe oxygen atoms to the silicate
lattice is considered. In the rcHr calculations, this is not
as a severe problem as in the MS-Xa calculations, because
within the renr method, the ionization potentials of oxy-
gen are parametrized such that they implicitly take care
ofcharges that lie outside the clusters actually used.
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