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A phenomenological description of the 3d-charge-density distribution in solids, based on
Mdssbauer hyperfine interaction data, studies of crystal structures, EPR, neutron scattering
and optical spectroscopy, has been developed for divalent iron ions in solids. From this
work, it appears that one can obtain an internally consistent picture of the 3d-charge-density
distribution in solids by allowing for large, but distinctly different, modifications of the radial
3d(e,) and 3d(tz,) electronic wave functions. These modifications vary continuously with cova-
lency on going from the completely ionic to the completely covalent ferrous compounds. They
account for the large changes (in order of magnitude) in the mean 3d charge (or spin) densities,
indicated by the experimental data, These results cannot be explained by theoretical models
of bonding based on crystal field and molecular-orbital theories, using free-ion wave functions.
The present model emphasizes the importance of the radial modifications of the 3d wave func-
tions, thus supporting the point of view that, in self-consistent-field-type theoretical compu-
tations, the radial wave functions should be described by variational rather than fixed para-

meters.,

I. INTRODUCTION

A major difficulty in understanding bonding in the
solid state is the lack of anadequate set of electronic
wave functions. The use of “free-ion” wave func-
tions is justified only by the lack of anything better.
An important step toward understanding the effects
of covalency on 3d electronic wave functions has
been made by Alperin who measured the neutron-
scattering form factor for Ni®* in solids.! His re-
sults show a significant contraction of the 3d(e)-
spin-density distribution, with respect to the pre-
dictions from free-ion calculations, which is in
contrast with the apparent expansion observed for
Mn?* ion in solids by Hastings, Elliott, and Cor-
lissz; he suggests that the discrepancy is due to
the outstanding difference in the spin configurations
of the two ions, e.g., e?vs#3, eZ unpaired spins.

Recently, Freeman and Ellis have reported the

results of fully variational unrestricted Hartree-
Fock calculations for (MnFg)*~ clusters.® These
authors obtain results which resolve the above par-
adox. While the spin-density distribution of the two
unpaired e, electrons is contracted and that of the
three unpaired f,, electrons is expanded, the net
effect is that of an expansion in comparison with
the free-ion Mn?* 3

These results support our phenomenological anal-
ysis of the Mossbauer isomeric shift (IS) and quad-
rupole splitting (QS) for the ferrous halides*® and
series of related compounds. ®" This analysis
shows that a predominant effect of covalency in the
high-spin octahedral ferrous compounds is the radi-
al expansion of the 3d(¢;,) wave functions.

In the present work we analyze the Mdssbauer
hyperfine interactions of two series of octahedral,
high-spin, and ionic, as well as intermediate fer-
rous compounds in terms of the radial distribution
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of the 34 unpaired spin (or charge) densities. When
the present analysis is extended to covalent low-spin
octahedral iron compounds, it leads to a model in
which charge densities are varying continuously on
going from completely ionic to completely covalent
compounds. Corroborative information will be de-
rived from neutron scattering, EPR, optical spec-
troscopy, and studies in crystal structures.

II. HYPERFINE INTERACTIONS

The observed internal magnetic field at the nu-
cleus may be described in terms of three com-
ponents :

Hyw=H.+Hp+Hp , (1)

where H, is the Fermi contact interaction caused
by the interaction of the nuclear magnetic moment
with the spin-density distribution of the atomic s
electrons at the nucleus, polarized via exchange
interaction with the unpaired d electrons; Hj is the
contribution from the orbital current due to the un-
quenched angular momentum, and H,, is the com-
ponent due to the anisotropy of the spin-density dis-
tribution and should vanish for a strictly cubic lig-
and configuration. Equation (1) may be rewritten
as®

Hy.=H,+48{7r3)Q, , (2)
where
Q,=(g;-2)+ % (0| L-2]0),

and g; and L; are the components of the electron g
factor and the angular momentum operator, respec-
tively. While the second term in Eq. (2) depends
linearly on (#*) of the single #,, electron, the con-
tribution of the contact term depends on both un-
paired #;, and e, electrons. A partial cancellation
of covalency effects, that is, e, contraction and 75,
expansion, on the total 3d-spin-density distribution
is expected in FeF, similar to that in (MnFg)*".
However, it is not clear a priovi whether the net
effect on H, in FeF;, would be that of contraction or
expansion of the total-spin-density distribution with
respect to that of the free ion.

Complementary information with regard to the
expansion of the ¢,,-charge-density distribution may
be obtained from the quadrupole splitting, which
may be written as

AE= (AE)O (]{‘Z,F(Al, Az, CZEAO’ T) s @)

where (AE), is a normalization factor correspond-
ing to the contribution from a single #,, electron

of a nondegenerate free-ion ground state; AFE dif-
fers from (AE), by af=(#3)/(»®) ., and the func-
tion F, which represents the quenching due to the
mixing of the £,, levels, by the spin-orbit inter-
action as well as the effect of thermal population
of higher #,, levels. The reduction of the spin-

orbit coupling constant in the solid, with respect
to the free-ion value, is represented by A= ozg'xo.
In view of the introductory remarks, the covalency
factor of is expected to be larger than a? since the
spin-orbit interaction reflects covalency effects on
both ¢, and e, unpaired spins, while aﬁ describes
the expansion of the single #,, electron only.

The quenching of AE at very low temperatures by
the spin-orbit interaction will depend on the ratio
between X and the crystal-field-splitting parameters
A; and A,. For all practical purposes, this effect
may be neglected as long as a®)y<A. Detailed
theoretical analysis of AE data for several cases
yielded crystal field parameters which are signif-
icantly lower than those obtained at helium tem-
peratures by other methods.®™' This indicates
strong thermal variation of crystal field param-
eters.'? If this is indeed the case, the usefulness
of Eq. (3) is limited to the verification this effect.
For the purpose of the present analysis, it is im-
portant to verify that crystal field splitting is large
enough so that the quenching of AE by the spin-or-
bit interaction may be neglected at low temperatures.
It has been shown in several circumstances that
lattice contributions to AE may be neglected for
compounds of moderately distorted octahedral sym-
metry. Consequently, if the thermal variation of
AE is relatively small up to room temperature,
which implies that the crystal field splitting A is
significantly larger than the spin-orbit interaction,
F would be considered as 1 for a singlet and 3 for
a doublet ground state. With this approximation,
the low-temperature value of AE may be used to
estimate (7°%) of the single ¢, ¢ €lectron. Caution
must be exercised in the case of degenerate ground
states. Antiferromagnetic phase transitions are
quite commonly accompanied by structural distor-
tions'®'* which may remove the degeneracy of the
electronic ground state at low temperatures. Wer-
theim et al. reported the observation at helium
temperatures of AE~2.7 mm/sec for RbFeF;,
which is of cubic symmetry at higher temperatures.!
This magnitude is very similar to the AE~2, 9 mm/
sec observed for FeF, which has a singlet ground
state. It would suggest that the triplet degeneracy
is completely removed by the structural distortion
accompanying the antiferromagnetic transition in
RbFeF;. This effect must be borne in mind in the
discussion of the unusual thermal variation of AE
in the low-temperature metamagnetic phases in the
heavier ferrous halides (Fig. 1).

After taking the precautions discussed above, the
low-temperature values of AE may be used to esti-
mate (77%) for the £, ¢-charge-density distribution.
Then, assuming that this distribution is the same
for the unpaired ¢, spin densities, it may be in-
serted into Eq. (2) for the analysis of H,,,, while
©; has to be evaluated separately.
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The third parameter which is associated with the
electronic-charge-density distribution and derived
from the Mossbauer spectra is the IS. The IS is
due to the electrostatic interactions between the
charge-density distributions of the nuclear levels,
participating in the Mo6ssbauer resonance, and the
atomic electrons, Since only s electrons have finite
probability to penetrate the volume occupied by the
nucleus, their contribution to IS is dominant.
Changes in covalency would directly affect IS via
the increase in 4s participation in the bond, and
indirectly, by the shielding of the s electrons by the
3d electrons. IS depends onthetotal-charge-density
distribution and its interrelations with AE and H,,,
are not obvious. In contrast, AF depends mainly
on the distribution of the single antibonding ¢,, elec-
tron and H;,; on the distribution of the unpaired
spins. Ultimately, the investigation of the inter-
relation between those three experimental param-
eters may provide some insight into covalent bond-
ing in solids.

III. NORMALIZATION OF (r"3) SCALE

The problem of theoretical interpretation of QS
and H;,, data for a single compound involves too
many unknown parameters and is therefore under-
determined. It would be appropriate, therefore,
to apply the analysis simultaneously to a series of
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FIG. 1. AE data for some metamagnetic compounds.
Data for FeCOg and CoCOj are reproduced from tabulated
results in Refs. 19 and 25. Room-temperature point
for FeCOjy is taken from R. W. Grant et al. [J. Chem.
Phys. 45, 1015 (1966)]. Results for FeCl,, CoCl,, and
NiCl, are from Refs. 5 and 23.
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FIG. 2. Hj, vs Q; for some Fe? compounds.

compounds. In our attempt to normalize the (73)
scale for the #;, electron we will compare the H;,;
data for a group of compounds [ FeCl,+ 2H,0, FeF,,
Fe,(PO,), - 8H;0, and FeCl,* 4H,0]. These com-
pounds have similar AE values at low temperatures
(2.6, 2.9, 3.0, and 3.1 mm/sec, respectively) and
would be expected to be associated with (#3) of
similar magnitudes.

The analysis of H;,; for these compounds in terms
of Eq. (2) is shown in Fig. 2 and the relevant
parameters are tabulated in Table I. These data
have been first discussed by Johnson who observed
the approximate linear relation between H;,, and
©;. He observed that this is consistent with single
values for (73) as well as H, for this group of
compounds.® In our previous discussions of the
QS-IS correlations in the ferrous halides and their
hydrates,*~" we have assigned a?~0. 6 for FeF,.
This value, multiplied by the theoretical estimate
of (#3),,=5.1a.u., yields (#2)~3.1 a.u. for
FeF,. In view of the similarity in the AE values
observed for the above compounds (Table I), the
straight line associated with the above value of
(#?) is expected also to fit the H,,, data, which is
indeed the case (Fig. 2). The internal consistency
between the QS-IS analysis and the results of the
internal magnetic fields is reassuring. The good

TABLE I. Hyperfine data for some ferrous compounds.
These data are taken from Ref. 8 and references therein;
are the experimental values at low temperatures.

AE i H, Q,
(mm/sec) (kOe)

x — 440 0.10

FeCl,* 4H,0 3.1 . “566 o0.36
. x 270  (0.33)
Fe;(POg),* 8H,0 3.0 2 -135  (0.44)
FeF, 2.9 x —330 0.18
FeCl,* 2H,0 2.6 x -260  0.33
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agreement between the predictions of the two meth-
ods indicates that () values measured by both of
them are very closely the same. Consequently, one
can use the predictions from QS data in the analysis
of the H,; results.

The magnitude of the contact interaction term
H, is obtained from the intersection of the straight
line in Fig. 2 with the £;=0 ordinate. The value
of H,=~- 530+ 40 kOe so obtained is very close to the
calculated one of ~550 kOe for the Fe®* free ion.®
This value is in conflict with the large radial ex-
pansion predicted from the slope of the straight line
in Fig. 2. This paradox may be resolved in the
same manner as the one between the neutron form
factors for Mn®* and Ni®* in solids.? While the ex-
panded spin-density distribution of the three ¢;,
electrons in Mn?* more than compensates for the
contraction of the two e, electrons, thenear cancella-
tion of the two effects will explain the near-free-
ion value of H, in FeF,.

It will be instructive at this point to compare the
present calibration of the (r3 ) scale with the re-
sults of the neutron-scattering form-factor mea-
surements. Hastings ef al. reconcile their ex-
perimental results with the free-ion calculations
for Mn?* ions by proposing a mean 3d radius in the
respective solid compounds which is 10% larger
than the free-ion value.? This amounts to a reduc-
tion of 0. 73 in the mean spin density (per electron)
of the 3d(¢},e?) subshell in these compounds. Sim-
ilarly, Alperin’s results for NiO correspond to a
large increase in the average 3d spin density, which
consists of e, electrons only.! In view of the oppos-
ing contributions from the #,, and e, electrons, the
above average value of 0. 73 represents an upper
limit to the reduction factor for the mean spin
density of a f,, electron in Mn® ion. This observa-
tion supports, therefore, the covalency reduction
factor of a2~0. 60, assigned above to describe the
t,¢ ~charge-density distribution in FeF;. For ref-
erence in the following discussions, let us recall
that the value of a?~0. 60 has been originally pro-
posed to account for EPR data.!

1V. TRIGONALLY DISTORTED OCTAHEDRAL
COMPOUNDS

In view of the consistency observed above between
the predictions for (773) of the #, ¢ electron, from
AE and H,,, analysis, it would be instructive to ex-
tend the comparison to the other members of the
ferrous-halides series. This can be done using
the data for the additional two compounds FeCO4%*®
and FeTiO;,? which are of the same symmetry of
ligand configuration as FeCl,, FeBr,, and Fel,,
and for which a detailed analysis has been published
by Okiji and Kanamori.?® All five compounds are
of trigonal symmetry with a doublet ground state®
and, with the exception of FeTiO,;, are known to
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undergo metamagnetic transitions at low tempera-
tures. 1%%:2¢ The metamagnetic transitions in
FeCl,, FeBr,, and Fel,, as well as Fe?" impuritiesin
NiCl,, are associated with dramatic increases in
AE below T,.%2* In contrast, AE decreases below
T, for FeCO, '° as well as for Fe®* impurities in
CoCO; % and CoCl, # (Fig. 1). The interpretation
of the behavior of AE below the metamagnetic
transition temperatures is important in the QS-IS
analysis for the present series of compounds. This
may be seen from the controversy between our
conclusions®™ and those of Fugita, Ito, and Ono.®
These authors explain the decrease of AE below
T, for Fe® impurities in CoCl,, as opposed to
FeCl,, by assuming that the spins of the Fe?* ions
are parallel to the direction of magnetization in
both cases. Consequently, the opposite behavior
below Ty may be accounted for by the fact that the
direction of magnetization is parallel to the c axis
in FeCl, and perpendicular to it in CoCl,. Follow
ing this interpretation, it is necessary to assume
that the spins of the Fe® impurities are parallel
to the c axis in NiCl,; and therefore perpendicular
to the direction of magnetization in the host lattice.
The direction of magnetization is known to be par-
allel to the crystallographic ¢ axis for FeCO, 10

and perpendicular for CoCO, 25 and the decrease

in AE below T, in both cases is therefore unex-
plained. It appears that the understanding of the

AFE anomalies below T, in this group of compounds
awaits further investigation.

Inspection of the AE curves shown in Fig. 1 would
suggest that, while the nature of the behavior be-
low T, is not yet understood, the behavior above the
transition temperatures seems tobetter characterize
the bonding with the corresponding ligands. In
other words, apart from a magnitude factor, the
AE curves for FeCO, are the same as that for Fe®*
impurities in CoCl;, and the latter is very similar
to the AE curves for FeCl, and Fe®* impurities in
NiCl;, above T,, while differing significantly from
them below T,.

The same symmetry of the Fe?* sites in FeCO;,
FeTiO;, FeCl,, FeBrp, and Fel, makes it appro-
priate to analyze their hyperfine interactions within
the same theoretical framework. Consequently,
we will apply the results of Okiji and Kanamori to
all of them, using (73) estimates obtained from
the QS data. Because of the double degeneracy of
the #;, ground level, we will use AE’=2AE (above
the corresponding metamagnetic transitions). This
is essentially an identical approach to the one used
in our previous work.*” We are using here, how-
ever, newly available data, reproduced in Fig., 1,
to further support this point of view.

To test this approach we will estimate (#3) for
FeCO; by comparing it to FeF,. Using AE’=4.2
mm/sec for FeCO, and AE =2, 9 mm/sec and )
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=3.1 a.u. for FeF,, the estimate would be (7?)
4.4 a.u. for FeCO;. This is the same value as
used by Okiji and Kanomori in their analysis.?
These authors interpolated between values deduced
by Abraham, Horowitz, and Pryce for V2, Mn?",
Co?, and Cu®* from EPR data.® The value of ( #3)
=4.4 a.u. is significantly smaller than the free-ion
value of 5.1 a.u., proposed by Watson and Free-
man.'® Assuming that the difference includes both
effects of radial expansion and molecular-orbital-
type mixing with ligand orbitals, and using ()
=4.4a.u., thesecondtermin Eq. (2) may be es-
timated for FeCO; as Hy + Hp~ + 730 kOe.?” Com-
paring with the experimental value of H,, =+ 184
kOe '®1% one obtains H,~ - 545 kOe for FeCO;. The
same analysis is carried out for the heavier halides
and FeTiO;, using Eq. (2) and (#®) values derived
from the QS data. The results are tabulated in
Table II and displayed in Fig. 3 as a function of

( 1,-3) .28

V. RELATION BETWEEN (S AND H,

From the relation between H, and QS, as displayed
in Fig. 3, it appears that for the heavier halides the
effect of the radial expansion of the ¢,, dominates
over the radial changes in the e, wave functions.

In the more ionic compounds, like FeF,, the attrac-
tion, between the Fe?' ion and its relatively small
ligands, is balanced by the compression of the elec-
tronic cloud along the bond directions. Such a com-
pression in the bond directions may account for the
apparent contraction observed in NiO for the 3d(e,)
wave functions.! Because of the increase of the
ionic radii of the ligands in FeCl,, FeBr,, and Fel,
the crystal structure is that of a close-packed ar-
rangement of the ligands, with the Fe?* ions occupy-
ing a sublattice of interstitial positions. The attrac-
tion between the Fe?* ions and the ligands is balanced
to a large extent by the overlap interaction between
the ligands in the close-packed lattice. This in-
crease in anion-anion repulsion reduces the com-
pression of the charge density along the cation-anion
bond direction. The increase of the size of the in-
terstitials occupied by the Fe?* ions reduces the con-
traction of the ¢, charge density as well as provides
room for the expansion of the ¢, wave functions.

TABLE II. Hyperfine data for some ferrous compounds.
AE(mm/sec) AE’'=24E (»=3) Hy,, Hp+Hp H,

(T2 T,) (mm/sec) (a.u.) (kOe) (kOe)  (kOe)
FeCOy 2.1* 4.2 4,4 +184* +730° —546
FeTiO, 1.14° 2.28 2.4 —170° +400  —470
FeCl, 1.03¢ 2.06 2.15 + 3* +358 —355
FeBr, 0.86¢ 1.72 1.8 +30° +300 —270
Fel, 0.81 1.62 1.7 +74°  +280  —206

2References 18 and 19.
bReference 27.
°Reference 20.

dReference 4.
“Reference 24.
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The net effect is that of expansion of the total-spin-
density distribution. The observed decrease in
magnitude of H, is consistent with the theoretical
results of Watson and Freeman.'® These authors
predicted a decrease in magnitude, with an eventual
change of sign of H,, as a result of significant radial
expansion of the 3d wave functions.

Within the framework of the present interpretation
of the H_.-QS relationship, in the octahedral high-
spin ferrous compounds, one may predict by extrap-
olation that any further increase in covalency would
result in a positive value for H,. An appropriate
compound for an extension of the present analysis
is FeS. It is of the NiAs structure, and the Fe®'
ion may be expected to be subjected to a trigonal
distortion from strict octahedral symmetry. In
fact, the situation is more complicated and the point-
group symmetry is lower than trigonal.®3° A com-
parison of the QS-IS values of FeS with those for the
compounds discussed above (Fig. 4) supports such
an extension. Because of the rather small ( »®) in-
dicated by the small value of AE~0.9 mm/sec, the
correction due to the second term in Eq. (2) is ex-
pected to be small. The removal of the double de-
generacy due to the distortion from trigonal sym-
metry would further reduce the contribution from
this term. The correction due to Hy + Hy is esti-
mated as +100+50 kOe. Depending on the sign,
the measured value of | Hy,, | =309 kOe 3° corres-
ponds to H, values of +210+50 or ~ 41050 kOe.
The present analysis (Fig. 3) favors H,~+ 21050
kOe for FeS and, consequently, the positive sign
for Hy;;. The sign of H,,, has not been determined
experimentally.

VI. EXTENSION TO COVALENT COMPOUNDS: FeS,

In an attempt to explore the implications of the
present results to the understanding of covalency,
in general, in ferrous compounds, the analysis has
been extended to include the covalent compound
FGSQ.

The purpose of including FeS in the analysis is
to provide a bridging case between the “ionic” and
“covalent” iron compounds. A major aspect of
covalency in FeS, is its being of the low-spin con-
figuration tg,. Consequently, the observed AE in
this compound is due to the strong crystalline dis-
tortion rather than a single #,, electron. However,
the contribution of a single #,, electron to AE may
be estimated by comparison of FeS, with FeSAs
and FeAs,. These three isostructural compounds
have the electronic configurations of t,, t3,, and
t5 *' and the low-temperature AE values of 0. 61,
1.07, and 1.70 mm/sec, respectively. ** If the
differences in AE are attributed to the removal of
one and two (paired) ¢,, electrons, consecutively,
the contribution of each of them to AF would be
~0.55 mm/sec. This estimate is very close to the
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TFIG., 3. H,vs AE’ for some ferrous compounds.
AE’ is the low-temperature value of AE for FeF, and
FeS and is twice the AE value above the metamagnetic
transition for all the other compounds. The point for
FeF, is used for normalization of (73) for the tyg-charge-
density distribution.

results observed for covalent ferric compounds
such as Fe'!N, N-dialkyldithiocarbamates® and
the ferricyanides. ** These compounds have £3,
electronic configurations and AE values which cor-
respond to a missing Z,, electron, and which, inso-
far as the AFE results are concerned, is equivalent
to a single #,, electron. With this value for AE, the
QS-IS data for the low-spin compound FeS, are
compared in Fig. 4 with the results for the high-
spin compounds discussed above. It is significant
that both QS and IS vary continuously, and almost
linearly, with covalency on going from FeF, through
the heavier halides and FeS to FeS,. The notion

of continuous variation of charge densities with
increasing covalency has been previously discussed
by Erickson on the basis of IS data® and is further
supported in the present work by the analysis of
the QS and H,; results.

An important aspect of the covalency in FeS, is
the large crystalline radius for the Fe'' ion in this
compound. The crystalline radii are derived from
the analysis of crystal structures and the value
assigned by Pauling for Fe™ in FeS, is 1.23 A, %
The crystalline radius of Fe?* in FeF, may be
derived in a similar manner by subtracting the
ionic radius of F~ (1. 36 A)% from the average Fe-
F distance (2.08 A). % The value so obtained for
the Fe?* ion in FeF, is 0. 72 A. The ratio between
the volumes, occupied by Fe'l in FeS, and by Fe?*
in FeF,, is given approximately by the third power
of the ratio between the corresponding crystalline
radii, which is (1.23/0.72)3=5. This result is
similar to the ratio of ~ 5. 3 between the corre-
sponding AE and therefore the (»~3) values. This
similarity implies that (»"3) varies approximately
like {¥)~3 of the 3d charge distribution. Conse-
quently, the variation in the 3d(¢,,) wave function

may be represented to a good approximation by a
radial scaling factor.

zpu(solid)=d)§3n (Bo’r’ 95 ¢)) ’ (4)

where the scaling factor B, has been related by
Jérgensen to an effective charge on the metal ion.
This effective charge is associated with the in-
crease in covalency and reflected in the nephelaux-
etic effect.*® In a simple approximation, the
outermost 3d electron may be described by a hydro-
genlike wave function, with the nuclear charge and
all other electrons considered to be at the center®®

Ray @) < (22%7/3ag)%e 277 /%0 (5)

In this approximation, Z* would be 1 for the neu-
tral iron atom and 3 for the Fe?* free ion. Changes
of the central effective charge due to covalency
would be described by 1 £ Z*< 3. These variations
may be described by By=Z2*/Z (with Z =3 in the
present case), where 3 <By< 1 and the limits 7 and
1 correspond to the completely covalent and com-
pletely ionic cases, respectively. Within this ap-
proximation

aé)‘: <7'3>/<7’-3>ion: ((7’-1>/<7’~1>ion)328(8) . (6)

The correctness of this expression depends, of
course, on the validity of the assumption that co-
valency effects are represented, to a good approx-
imation, by the radial scaling factor B,. This
assumption was based above on the relation between
the experimental AE values and the empirical
crystalline radii. It implies #-<a?<1, allowing for
a large range of variation of (1"3) in solids. An
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FIG. 4. AE’ vs IS for some iron compounds. IS
values vs metallic iron at room temperature. The
open circles are for AE’ =2AE and the enclosed circles
are for AE’ = AE, as explained in the text. The data
point for FeS, is discussed in the text.
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alternative, and most commonly used, way to de-
scribe the reduction of (1"3) in solids is through
the formalism of molecular-orbital (MO) theory.
Within this formalism, the variation of (7"%) is
limited by £ <a?,<1.% The fact that much smaller
values are observed for aﬁ emphasizes the impor-
tance of the radial expansion. ® In order to account
for both radial expansion and MO mixing, Eq. (6)
may be rewritten as

a?=p3al, . )
The dominance of the radial expansion in the case
of FeS, is supported by the results of optical spec-
troscopy. The interelectronic repulsion parameter
B, derived from the optical spectra, is caused by
the Coulombic repulsion and is related to (#')
and, therefore, to B,. The estimate available from
optical spectroscopy, for a Fe'™ jon surrounded
by six sulfur ligands, is B=0.47.* Using the
(7'3) scale shown in Fig. 3, one can deduce a
value of aZ=0.115 from the AE associated with the
removal of one ¢,, electron from FeS,. Assuming
that the effect of MO mixing is rather small, and
using, therefore, Eq. (6), this value of a? corre-
sponds to By=0.48, which is in excellent agree-~
ment with the above estimate available from optical
spectroscopy. In view of the large uncertainties
involved in these estimates, it is reassuring that
similar AE and B values are also obtained for the
covalent complexes of iron cyanides. 33

The effective charge Z*, described above, differs

from the commonly used concept of effective ionic
charge by the unity charge of the outermost 3d
electron. Consequently, the result of ;= 0.48 cor-
responds to Z*= +1.4, or to an effective ionic
charge of Z* - 1= +0. 4 for the covalent compound
FeS,. Effective ionic charges have quantitative
meaning only within the context of the theoretical
expression from which they are derived, which in
the present case is Eq. (5). It is reassuring, how-
ever, that the low value of +0.4 is in a qualitative
good agreement with the generally accepted notions
of covalency.

VII. SUMMARY AND CONCLUSIONS

The main purpose of the present work is to pre-
sent a model which describes the variation of the
3d-charge-density distribution with covalency. This
model applies to the ionic, covalent, as well as
intermediate ferrous compounds with approximately
octahedral symmetry. Some insight into covalency
in the complete ionic end is obtained from neutron-
scattering form-factor data. Important aspects of
covalency at the covalent end may be derived from
the examination of the empirical crystalline radii.

Analysis of the Mossbauer hyperfine interactions
leads to a model which ties up the two ends together.
The interpretation of the MOssbauer results supports
the observation, from neutron-scattering form-
factor experiments, that for moderate degree of
covalency, the dominant effects are those of radial
t,, €xpansion accompanied by e, contraction. The
two opposing effects cancel each other up to a
certain degree of covalency, insofar as the magnetic
contact interaction is concerned. For higher co-
valency the expansion effect dominates. The radial
3d wave function changes continuously with covalency
on going from the ionic, through the intermediate,
to the covalent compounds. This variation results
in a factor of ~ 10 change in the mean 34 charge
density between the two extremes. These observa-
tions are consistent with a change of about a factor
of 2 in the observed crystalline radii, as well as
similar changes observed in the interelectronic
repulsion term B, derived from optical spectro-
scopy. The (#%) scale derived in the present work
compares well at two different cases, FeF, and
FeCos, with the predictions from EPR results. It
is also consistent with the theoretical estimate by
Watson and Freeman of (#3)=5.1 a.u. for the
Fe?* free-ion 34 wave functions. The present work
suggests a (7"%) value of ~ 0.5 a.u. for the ,
electrons in covalent compounds. If the effective
ionic charge on the covalent iron atom is believed
to be negligibly small, this value would correspond
to the free-atom 3d wave function. The large
variation in ("), on going from the completely
ionic to the completely covalent compounds, may
be anticipated from the intimate relation between
the radial expansion and the effective charge, as
is illustrated by Eq. (5).

A large range of radial modifications of the 3d
electronic wave functions in octahedral ferrous
compounds has been demonstrated in the present
work. These modifications cannot be accounted
for by theoretical bonding models, such as
crystal field and MO theories, which are based
on the free-ion wave functions. These results
support the recent approach, by Freeman and
Ellis, in which self-consistent-field—type com-
putations are carried out with the radial wave
functions described by variational rather than
fixed parameters.
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