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Spin-polarized multiple-scattering calculations have been performed for the FeS,”~ cluster in or-
der to investigate the uncommon Fe!* charge state observed in ZnS. The calculated electronic
structure, charge and spin densities, and atomic populations are used to interpret the measured
hyperfine interactions. The overall good agreement between theory and experiment supports the
presence of monovalent—charge-state Fe'* in the Mossbauer spectra emitted by ’Co diluted in

ZnS.

I. INTRODUCTION

Most of the studies concerning the Mdssbauer spectra
of *’Fe in iron sulfides' ! have been related to the Fe?*
and Fe’* charge state. However, Garcin et al.? reported
a ZnS:>’Co Méssbauer-source experiment in which a line
attributed to Fe'* was observed. The interpretation was
based primarily on large isomer-shift values and deduced
electronic configuration and the possible models for for-
mation of Fe!* were regarded as hypothetical in the ab-
sence of more direct evidence.

In our previous work the multiple-scattering
method?' =% with Slater’s Xa local exchange (MS-Xa)
was applied to Fe(Il), Fe(Ill), and Fe(IV) tetrahedral
sulfide clusters in an effort to interpret various experi-
mental results. We have thus considered it of interest to
extend this work to the Fe(I) tetrahedral sulfide cluster in
order to determine the electronic structure and
Mossbauer hyperfine parameters of this interesting un-
common valence state and to investigate possible correla-
tions with the experimental results.

II. METHOD OF CALCULATIONS

The MS-Xa method* applied in this paper to the
FeS,’~ clusters is an ab initio one-particle approach in
which the one-particle Schrodinger equations are solved
numerically using a muffin-tin potential and Slater’s Xa
local exchange. The values of atomic exchange parame-
ters used in these calculations were taken from Schwarz:
a(Fe)=0.711, a(S)=0.724, and a=0.721 in the outer-
sphere and intersphere region. The muffin-tin scheme
employed assumed the Fe-sphere tangent to the sulfur
spheres. We have used the Fe-S distance of 2.37 A em-
ployed in our previous work in the Fe?* (FeS,®~) cluster
and the same Fe radius (2.21 a.u.) used for the three
Fe?*, Fe’t, and Fe** iron sulfide clusters. Larsson’s
technique?®® is used to derive atomic populations from
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the calculated MS-Xa wave functions. The atomic popu-
lations are defined as

p1=2ni 2 (1)

Ci
Kj
where K; is the amplitude of an atomic orbital used as
reference orbital, C;; are the amplitude of the molecular
orbitals, and n; is the occupation of the orbital i. This is
only an approximate way to define atomic charge, howev-
er, the results seem to be reasonably good and have been
successfully applied to study charge transfer processes in
transition-metal complexes containing mr-acceptor ligands
and hyperfine interactions in the Mossbauer and EPR
spectroscopies.?! ~2325(®)

III. ORBITALS, ORBITAL ENERGIES,
HYPERFINE INTERACTIONS, RADIAL DENSITIES,
AND ELECTRON POPULATIONS

The orbital energies obtained in a ground-state calcula-
tion in the spin-unrestricted formalism, the charge distri-
bution within the muffin-tin region and the orbital char-
acters labeled according to the irreducible representa-
tions of the symmetry group T, for the FeS,”~ cluster
are given in Table I.

The 2¢, orbitals are mainly nonbonding ligand S 3p or-
bitals. The 6a, and 61, are Fe 3s orbitals. The 7a, and
7t, are ligand 3s orbitals. The 8a, orbitals are ligand 3p
with some iron 4s component. The Fe 3d -like crystal-
field orbitals with small S 3p admixture are 3ef, 10z, 1,
and 3el. The remaining orbitals 8¢,, 2e, and 9z, are
ligand S 3p orbitals with small Fe 3d admixture.

At the top of what would be termed the valence band is
the filled 3el orbital which is almost pure 3d. The 8a,
orbitals are at the bottom of the valence band, whose
width is 7.74 eV. Molecular orbitals below the valence
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band show little or no mixing of Fe and S atomic orbitals.

In Table II we give the electron population for Fe in
the FeS,’~ cluster. The Fe 3d and 4s populations in the
cluster are 3d1%%3d|1'%%451%3345|%28  The main
difference between the actual configuration of iron in the

FeS,”~ and the Fe'* (3d7) free-ion configuration is the
partial occupation of the 4s shells and a reduction of 0.16
electrons from 3d 1 and 3d ! levels. The calculated net
charge on the Fe atom is 0.59. The small decrease of 0.16
electrons in both 3d populations for the FeS,’~ cluster

TABLE 1. Orbital energies and orbital characters for FeS,’~. [Total charge: Fe sphere, 24.75; S
sphere (each), 15.08; intersphere region, 10.94; outer sphere, 0.93.]

Orbital Charge® in muffin-tin sphere
energy Outer Orbital
Orbital (—R,) Fe s® Interatomic sphere character
la, 1 508.970 100 Fe 1s
la, ! 508.969 100 Fe 1s
2a;1 176.154 25 S 1is
2a, 176.154 25 S 1s
1t,1 176.154 25 S Is
1t,1 176.154 25 S 1Is
3a,1 58.926 100 Fe 2s
3a,l 58.801 100 Fe 2s
2t,1 50.929 100 Fe 2p
2,1 50.834 100 Fe 2p
4a,1 15.453 25 S 2s
4a,l 15.494 25 S 2s
3,1 15.453 25 S 2s
3,1 15.494 25 S 2s
Sa;1,let,1t;1
4t,1,5t,1 11.593 25 S 2p
Sa,l,lel,1t;|
4t,1,5t,1 11.593 25 S2p
6a;1 6.572 99.89 0.0 0.10 0.0 Fe 3s
6a,l 6.307 99.89 0.0 0.10 0.0 Fe 3s
6t,1 4.228 99.62 0.0 0.37 0.0 Fe 3p
6t,1 3.969 99.57 0.0 0.41 0.0 Fe 3p
Ta, 1 1.549 1.32 18.98 21.89 1.00 S 3s
Ta,l 1.549 1.17 18.98 21.89 1.00 S 3s
7t,1 1.539 0.98 19.51 19.32 1.66 S 3s
Tt,1 1.538 0.85 19.56 19.20 1.66 S 3s
8a,1 0.809 7.99 12.77 39.62 1.28 S 3p,Fe 4s
8a,l 0.801 6.82 13.14 39.28 1.33 S 3p,Fe 4s
8,1 0.783 1.22 13.42 42.15 2.93 S 3p,Fe 3d
8z, 0.781 1.04 13.57 41.75 291 S 3p,Fe 3d
2et 0.777 3.81 13.76 38.36 3.81 S 3p,Fe 3d
2el 0.774 1.55 14.18 38.51 3.21 S 3p,Fe 3d
9t,1 0.758 11.84 14.59 25.60 4.18 S 3p,Fe 3d
9,1 0.749 5.90 15.77 26.43 4.56 S 3p,Fe 3d
251 0.745 0.09 16.00 3291 2.94 S 3p
2ty 0.745 0.09 16.05 32.72 2.95 S 3p
3et 0.452 90.11 0.34 8.31 0.19 Fe 34,S 3p
10z, 1 0.433 80.54 0.75 15.85 0.61 Fe 34,S 3p
3el® 0.240 81.11 0.43 15.88 1.27 Fe 3d,S 3p

#In % of one electron charge.
®In % of charge in each S sphere.

“Highest occupied level.
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TABLE II. Electron population on Fe for molecular orbitals
in the ay, e, and ¢, symmetries for FeS, ™.

Atomic
Symmetry character Spin up Spin down

6a, 3s 0.99 0.99
Ta, 4s 0.04 0.04
8a, 4s 0.29 0.24
2e 3d 0.03 0.02
3e 3d 1.97 1.80
61, 3p 2.99 2.99
7t, 3d 0.01 0.00
8¢, 3d 0.01 0.00
9t, 3d 0.25 0.08

101, 3d 2.67
Total 3s 0.99 0.99
charge 3p 2.99 2.99
3d 4.94 1.90
4s 0.33 0.28

Net charge on Fe (16 total)=0.59

compared with the Fe!* free ion is contrary to the trend
observed in our previous calculations?! ~2* of the FeS,*~,
FeS,’~, and FeS,%~ clusters (Table III). Those calcula-
tions indicated a substantial increase in the 3d population
of 1.98, 1.05, and 0.22 electrons, respectively, relative to
the free ion due to strong covalency in the Fe—S bond.
There seems to be an opposite tendency in Fet (FeS,” )
clusters towards a reverse charge transfer process from
the Fe!'* configuration thus defining the transient Fe*t
charge state. We note from Table III that the calculated
net Fe charge increases in the order of the increasing iron
valency in the four sulfide clusters under discussion. We
also see that the 3d and 4s populations for the different
tetrahedral clusters show a regular pattern, i.e., 3d popu-
lation increases from the FeS,*~ to the FeS,’~ cluster
while the reverse is found for the 4s population. The
same tendency is observed for the individual 3d and 4s
spin-up and spin-down components. An exception is
found for the FeS, >~ cluster where the 3d 1 population is
larger than the FeS,®~ population and close to the corre-
sponding free-ion value and the 3d | is smaller than the
FeS,*~ value. Experimental evidence' indicates that the
3d>1 configuration is preserved in the FeS,>~ cluster. On

TABLE III. Net charge and 3d and 4s populations for FeS}~
FeS,’~, FeS,°~, and FeS,”~ clusters.

Net Fe 4s electron

charge

3d electron

population population

[Fe(IV)]Ss*—* 122 3d14%334 % 45104445 | 0-45

[Fe(IID]S,*~ 120 34144341 45104345 |09
[Fe((ID]S5~* 1.07 3d 148334 1% 45 10-4045 | 0-41
[Fe(D]S,’~ 0.59 3d14%43d |- 45103345028

2Reference 23.
"Reference 21.
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the other hand, from Table I in Ref. 21 we notice that ¢,
and e symmetries sum up to about 98.97% and 95.03%,
respectively, of an electron inside the Fe sphere indicat-
ing that there is very little (if any) charge transfer for the
completely occupied set of 3d spin-up orbitals. The same
is also true for the sulfur ligands. Since some orbitals of
t,| and e | symmetries are unoccupied, the charge distri-
bution in the lower-lying orbitals of the same symmetries
and spin will give a very important contribution to the to-
tal 3d population. The basic correctness of our calculat-
ed 3d spin-up and spin-down occupancies is supported by
the calculation of the magnetic susceptibilities and the
number of unpaired 3d electron for the FeS,’>~ cluster?!
and the calculation of the quadrupole splitting for the
FeS,”~ cluster (see below). We note that the calculations
indicate a Fe=1.2 effective electron charge in both the
FeS,~ and FeS,/~ clusters. The presence of a
tetravelent iron in a sulfide is also not very likely, and it
thus appears that the electron is back-donated to the iron
thus reducing its charge. In going from Fe**+ to Fe?*,
i.e., from FeS,’~ to FeS,5~, an electron is added to a
mainly Fe orbital. On further reduction of Fe?* to Fe!*,
i.e., from FeS[" to FeS47", an additional electron may
be added to a Fe orbital. However, the 3d-type orbitals
are partly buried in the sulfur 3p band and the additional
electron may also be donated to an unoccupied energeti-
cally favorable S 3p orbital in order to regain the more
stable Fe?* charge state.
The MGossbauer isomer shift is defined as

8=27ZeS(2)A{r?) {[p(0)] , —[p(0)s] , 2)

where A(r?) is the change in the mean-square nuclear-
charge radii in the Mossbauer transition (negative for Fe)

- and the term in brackets is the difference between the

squared amplitude of the electronic wave function at the
nucleus of absorber and source. S(z) is a correction term
for relativistic effects.

The iron sulfides show smaller values of isomer shifts
due to the strong covalency of the Fe—S bonds. Isomer
shifts for tetrahedral bonds are also smaller than for octa-
hedral since the metal-ligand distances are shorter and
both covalency and core distortions are correspondingly
larger. The observed range for Fe** ions in tetrahedral
sites of sulfur is only 0.18 <8, (tet)<0.20 mm/s
whereas the isomer shift for tetrahedral high-spin Fe?+
ions varies over a much larger range: 0.40 <§,_ (tet)
<0.77 mm/s.

In Table IV we give the total charge densities and indi-
vidual contributions from different orbitals to the FeS,’~
cluster. The values of the Fe'* free ion are given for
comparison. We note a small increase in the 2s and 3s
densities on going from the free ion to the cluster. This
may be ideally attributed to a small reduction of 3d elec-
trons from a 3d’ configuration in the free ion to a 3d%3
configuration in the cluster. The reduced screening will
cause a contraction of mostly the 3s electron cloud be-
cause ry; is even larger than i, which will result in

an increase of the 3s contribution. In addition, we also
observe a large 4s contribution for the FeS,’~ cluster.
The effect of the screening of 3s electrons together with
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TABLE 1V. Electron densities |#(0)]2

Fe!* free ion.

(]4(0)|?
=3, |#4(0)|? + | #(0)|?) at the Fe nucleus for FeS,’~ and

FeS,’~ Fe'*
la, (Fe 1s) 10752.29 s 10752.71
3a, (Fe 2s) 979.51 2s 979.16
6a, (Fe 3s) 140.84 3s 140.14
7a, 0.38
8a, 2.45
Total 11875.47 11 872.01

the 4s contribution are the major factors contributing to
the difference in isomer shift of Fe'*, Fe?*, Fe3*, and
Fe** ions in the tetrahedral sulfur complexes.

From calculated charge densities (p;,p;) and measured
isomer shifts (3;,8;) the isomer shift calibration constant
is determined by

8;—8;=a[p;(0)—p;(0)], (3)
where the lower index refers to different chemical com-
pounds.

The experimental isomer shift?® of the Fe!* line in the
ZnS matrix is large, i.e., 1.02+0.03 mm/s relative to
K,Fe(CN)¢3H,0 extrapolated to 300 K. In another ex-
periment?® the atoms produced by electron capture decay
of ¥’Co in Xenon matrix gives a Fe'™ state with atomic
configuration 3d’ and a positive isomer shift
(41.77+0.08 mm/s) relative to iron metal at 300 K
which we will approximate as our Fe!* free-ion isomer-
shift value. Using these experimental values, the electron
densities for Fe!* free ion and for FeS,”~ cluster [Table
IV and Eq. (3)] we obtain an isomer-shift calibration con-
stant value of a=—0.22a3 mm/s which is in very good
agreement with the currently assumed value?’ of
—0.21a3 mm/s.

Hoggins and Steinfink!® have derived the equation
8=1.4—0.4V which relates the isomer shift (8) to the
electrostatic valence V in iron tetrahedrally coordinated
by sulfur compounds. Using this equation and the low-
temperature isomer-shift value of the Fe'* transient
charge state in ZnS:’Co Mossbauer source we obtain
V' =0.63 which is in good agreement with our calculated
net atomic charge of 0.59 (Table II).

In Fe'*, the ground-state configuration is 3d’,*F
(L =3, S=3) which splits in cubic crystalline field into
two orbitally degenerate triplets and one orbital singlet.
The hyperfine field at the nucleus may be written as a
sum of terms

th=Hcp+Horb+Hdip ’ 4

where H,,, H,4, and H;, are the core polarization, or-
bital, and dipolar contributions.

The core polarization or Fermi contact term which is
determined by the exchange polarization mechanism of
the s shell by the unpaired d electrons is given by

Ho,=37gupS[| 9(0) | 3— | %(0)|3], (5)
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TABLE V. Spin densities X (X=473,| |u}(0)]?
— |4/ (0)|?|, where u' is an occupied orbital of @, symmetry
or an atomic s orbital) at the Fe nucleus and Fermi contact term
H. for FeS,’~ and Fe'* free ion.

FeS,'~ Fe'*

la, (Fe 1s) —0.63 1s —0.63
3a; (Fe 2s) —16.24 2s —16.04
6a, (Fe 3s) 7.56 3s + 6.90
Ta, 0.29
8a, 2.65

Total —6.37 Total -9.77

H ,(kG) —268 H.(KG) —411

where g is the electronic spectroscopic splitting factor,
L p is the Bohr magneton, and S is the total spin. We ob-
tain the spin densities at the nucleus from the a, orbitals
having /=0 in the iron sphere, determined from our
spin-polarized calculations.

In Table V we give the total spin density at the Fe nu-
cleus as well as the individual contributions from the
different orbitals for the FeS,”~ cluster. The Fe!* free-
ion values are given for comparison. We observe that the
1s, 25, and 3s contributions are not substantially modified.
This is contrary to our previous results in the Fe(II),
Fe(III), and Fe(IV) sulfide clusters which indicated strong
modifications of the 2s and 3s contributions due to the in-
creased population of the 3d spin-down shell which via
exchange polarization mechanism will reduce the nega-
tive and positive 2s and 3s spin contributions. In the
present FeS,’~ cluster, however, there have only been
small changes in the 3d population and as a consequence
the 2s and 3s contributions to the hyperfine field are not
substantially modified. We note, however, as in the other
sulfide clusters, a large positive contribution of 119 kG
from 4s levels.

Since we have 3.04 unpaired d electrons, this work pre-
dicts hyperfines fields of ~88.16 kG per unpaired elec-
tron in the 3d shell. Since the Fe!* free-ion hyperfine
contact field is 1.53 times the Fe hyperfine contact field in
the cluster we may make an order of magnitude estimate
of 135 kG per unpaired electron for Fe'* in more ionic
compounds. Chappert et al.?® obtained in the Mdssbauer
spectra of *’Co-doped magnesium oxide a Fe!'* core po-
larization field of — 127 kG per unpaired spin which is in
good agreement with our order of magnitude estimate.

The observed quadrupole splitting due to the Fe!* line
in ZnS matrix is 1.80%£0.05 mm/s, The valence shell
contribution to the Mdssbauer quadrupole splitting can
be expressed as?’

Qszéezqval( 1-R)Q,

(6)
ga= 3 ((3cos?0—1))(r3) ,

R is the Sternheimer antishielding factor, Q is the quad-
rupole moment of the nucleus. By considering the sym-
metry of the wave functions the d-electron contribution
to g, can be expressed as



4386

Qv =Kl =N ,+Ny , +Ny —3(Ny +Ng )],
z x‘—y

(7)
Kd=%<r_3)d .

We note from Eq. (7) that if the e and ¢, orbitals are all
equally populated g,,;=0. If, however, there is some
delocalization of metal electrons to ligands by charge
donation a nonzero gq,,, can result and produce a quadru-
pole splitting.

It was thus considered of interest to investigate if our
calculated 3d population can provide some rough esti-
mate of the observed quadrupole splitting. We note that
Finklea et al.’® obtained in pyrite that

*Nd,z+N",2_,2+Ndxy —3(Ng +Ndy, )=—0.0336

is the necessary 3d population change to produce a quad-
rupole splitting of 0.64 mm/s. In order to produce the
observed quadrupole splitting of 1.80 mm/s attributed to
the Fe™ line a population unbalance of 0.0945 is required.
We note from Table II that the difference between the
average total e spin-up and spin-down 3d population is
0.09 which is in good agreement with our previously es-
timated value of 0.0945. This agreement should not be
taken too seriously, however, considering the drastic ap-
proximations involved. The important conclusion is that
our calculated 3d population can account for the order of
magnitude of the observed quadrupole splitting.

From the experimental hyperfine parameters of the
Fe!'™ line in the ZnS matrix a 4s population of 0.60 has
been deduced by Garcin et al.? In Table II we see that
our calculations indicate a 4s population of 0.61 in agree-
ment with the experimental results.

We give in Figs. 1-3 the Fe 3d (e and ¢, orbitals) as
well as Fe 4s (a, orbitals) radial densities. The Fe!*
HF-Xa (a=0.71) 3d and 4s radial densities are also
given for comparison. The 3et, 3el, and 10¢,1 are Fe

0 05 10 5 20 25
r/ae

FIG. 1. Radial densities of orbitals (a) Fe!* 3d HF Xa; (b)
3et; (c) 3el; (d) 2e1; (e) 2el.
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0 05 10 Tf) 20 25
r/a,
FIG. 2. Radial densities of orbitals (a) Fe!* 3d HF Xa; (b)
102, 1; (c) 92, 1; (d) 9z, 1.

3d-type orbitals with a very small S 3p admixture whose
radial functions have nearly an atomiclike 3d shape, with
maximum in the same region, and are not delocated with
respect to the maximum of the atomic 3d function. The
8t,, 9t,, and 2e orbitals are ligand S 3p with small Fe 3d
admixture. As opposed to our previous work in Fe?*,
Fe3t, and Fe** tetrahedral clusters, there is much less
admixture between the Fe 3d and S 3p orbitals.

The 4s valence shell has a smaller charge density at nu-
cleus than the core s shells, however, being closest to the
valence 3d electrons it feels changes in ionicity, i.e., in
number of 3d electrons, more strongly and produces the
largest changes between free-ion and the cluster electron

0.25+
=
& 0.201

0.I5-

0.10+

0.05|

1 1

0 05 10 15 20 25
r/a,

FIG. 3. Radial densities of orbitals (a) Fe HF Xa 4s (scale
1); (b) Fedst (8a,1); (c) Feds| (8a,!).




densities at Fe nucleus. In the iron sulfide clusters the
4s1 density is larger than the 4s| density and together
they sum a large contribution to isomer-shift effects, and
result in a substantial positive contribution to the Fermi
contact term (H_) causing a large covalent reduction of
the negative hyperfine field.

The overall good agreement between the theory and
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experiment leads us to conclude that our calculated elec-
tronic structure, hyperfine parameters, electron popula-
tion, and radial densities correlate well with the hyperfine
parameters obtained from the experimental Mossbauer
investigation and thus support the assignment of an un-
common Fe!* charge state in ZnS.
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