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Abstract

Molecular orbital (MO) calculations are presented for metal-oxygen polyhedral clusters
containing Ti'*, Fez*, and Fes in octahedral coordination with oxygen. These polyhedra are
used as models for the minerals rutile, wustite, and hematite. The calculations are used to
elucidate the nature of the electronic structure of these minerals and to assign and interpret
their X-ray and UV photoelectron, X-ray emission and absorption, and optical absorption and
reflectance spectra. In all cases agreement with experiment is good. Comparisons are made
between the Fez* and Fe8' octahedral clusters using the calculations and X-ray emission and
optical spectral data. Variations in the energies and intensities of peaks in the FeKB, FeZ
and OKa X-ray emission spectra are adequately explained by the calculations. Spectral meth-
ods for determining the energies of the different MO's are suggested, and necessary conditions
for the spectral assessment of mineral stability are discussed.

Introduction: Chemical Bonding Models for
Transition Mefals in Oxides and Silicates

The nature of chemical bonds involving transition
metals in oxide and silicate minerals is of great
importance to mineralogists because of its effect
upon the chemical and physical properties of min-
erals. These in turn influence the nature of the
physical processes studied by geophysicists. Although
such concepts as ionic radius are very useful in
explaining the coordination symmetries of transition
metal ions in oxide and silicate minerals (pauling,
1929, 1960), the systematics of element fractiona-
tion and site enrichment and the optical absorption
spectra of transition metal bearing minerals can
be explained only through the use of quantum
mechanics (Burns, 1970; Burns and Fyfe, 1967).
The quantum mechanical methods usually employed
are those of atomic quantum mechanics, commonly
in the form of crystal field theory (Bethe, 1929;
Orgel, 1952). Crystal field theory has very suc-
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cessfully explained the optical absorption spectra
of minerals, and the concept of the crystal field
stabilization energy has been instrumental in ex-
plaining element partitionings and site enrichments.

It is well known, however, that crystal field theory
is not a completely adequate theory for transition
metal compounds. It describes only the predom-
inantly metal d or "crystal field" orbitals but ignores
the substantial covalency present in these compounds
(Cotton and Wilkinson, 1972). The evidence for
covalency ranges from the presence of transferred
hyperfine splittings in the Esn spectra of transition
metal compounds to the failure of the Born-Mayer
lattice-energy equation for the accurate calculation
of heats of formation of transition metal oxides
(Gaffney and Ahrens, 1970). Another important
evidence of covalency is the reduction of the Racah
B and C interelectronic repulsion parameters in the
spectra of oxides and silicates containing transition
metals when compared to their free ion values
(Manning, l97O). This effect drises from covalency
but may be accommodated within the ligand field
theory, which is essentially a parameterized modifi-
cation of crystal field theory (Orgel, 1960).

Although molecular quantum mechanics is there-
fote lormally necessary for the description of the

319



320

electronic structure of transition metal compounds,
it has been little employed in mineralogy for two
reasons. First, the electrons most easily studied
experimentally have been the d electrons of the
transition metal, and the optical absorption spectra
generated by transitions between them could be
described fairly well by crystal field or ligand field
theory. Second, crystal field theory provided a well-
defined quantitative method for obtaining informa-
tion on energetics from optical spectra at a time
when quantitative molecular quantum mechanics
afforded little agreement either between difterent
molecular quantum mechanical calculations or be-
tween calculation and experiment. It was possible
to use qualitative molecular orbital theory but in
practice the qualitative theory was ambiguous and
unconvincing.

Both reasons for not using molecular quantum
mechanics in mineralogy have now largely lost their
validity. New types of spectroscopy which yield
information on electrons other than those of the
metal d shell have been developed and applied to
minerals. Important examples include X-ray emis-
sion studies (Urch, l97l), and the X-ray absorp-
tion and photoelectron (Nordling, 1972) spectro-
scopies discussed below. Qualitative MO theory
has been used to interpret X-ray emission spectra
for some time (Dodd and Glenn, 1969; Smith and
O'Nions, 1972a, 1972b), but such interpretations
are necessarily uncertain. Fortunately, at the same
time as new spectral methods were being applied
in mineralogy, new quantum mechanical methods
and computer programs were being developed to
yield electronic wave-functions in much closer
agreement with experiment than formerly. Sub-
stantial advances have been made in the application
of the traditional Hartree-Fock-Roothaan Self Con-
sistent Field Linear Combination of Atomic Orbitals-
Molecular Orbital (Hrn scr rceo-rvro) theory (Roo-
thaan, 195 1) to transition metal complexes (Mos-
kowitz et aI, 1970; Aack et a:1, 1972). Approximate
serni-empirical rclo-uo theory has been success-
fully applied to the study of the geometries and
energetics of several classes of silicate minerals
(Louisnathan and Gibbs, 1972). Similar calcula-
tions have been used with reasonable success to
interpret the X-ray emission spectra of oxide min-
erals containing Mg, Al, and Si (Tossell, 1973a, b\
and of Be and B oxyanions (Vaughan and Tossell,
1973). The metal KB and OKc X-ray emission
spectra of these minerals contain valuable informa-
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tion on the stabilities of the bonding orbitals as a
function of chemical and geometrical parameters.
The success of these approximate calculations is in
part a result of the relative simplicity of the systems
studied. For transition metal systems, however, more
sophisticated methods are required. In this work,
a new firsrprinciples molecular orbital approach,
namely the Scr X,a Scattered Wave Cluster Method
(Slater and Johnson, 1972; Johnson and Smith,
1972; Johnson, 1973), is used. This method yields
molecular orbitals for transition metal compounds
which are in better quantitative agreement with
experiment than those obtained from ab initio Lcto
calculations (Johnson, 1973).

Molecular quantum mechanical calculations using
the Scr Xc method on polyhedral clusters contain-
ing Tia*, Fe'., and Fe3* in octahedral coordination
with oxygen are reported in this paper. In the next
section, the Scn Xa method will be described and
then the various spectral methods briefly discussed.
The molecular orbital results and spectral interpre-
tations for TiOz (rutile), FeO (wustite), and FezOg
(hematite) will then be presented. In the final
section, a general discussion will be given of the
electronic structure of oxides of transition metals
and of spectral methods for studying the nature of
the electronic structure and for assessing mineral
stability.

Calculational Method

The Scn Xa method is a computationally effi-
cient, first-principles molecular orbital method based
on the division of matter into component polyatomic
clusters (Johnson, 1973).In this respect it is sim-
ilar to the model of Pauling (1929). For example
the Scp Xa model for rutile (TiO2) is the TiOo8-
cluster, a Tia. ion surrounded by six O'z- ions. This
model should also be appropriate for Tin* in any
octahedral site, for example, those in ilmenite and
titanaugite.

The seven steps in the method are:
( 1) The space within and around the cluster is
geometrically partitioned into three contiguous
regions, namely, (I) the atomic regions, spherical
regions centered on each of the atomic nuclei
and touching along the metal-ligand axis, (II)
the interatomic region, the region outside the
atomic regions but within an "outer sphere" en-
closing all the atomic spheres, and (III) the extra-
molecular region, the region beyond the "outer
sphere." Also, the electrostatic potential of the re-
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maining atoms in the crystalline lattice is approxi-
mated by a spherical shell of positive charge (the
"Watson sphere"), that is equal in magnitude to
the charge of the cluster and that passes through
the nuclei of the ligands in the cluster. After the
calculation is completed, a correction is made to
the absolute values of the orbital energies equal to
the difference between the "Watson sphere', stabil-
ization and the accurate Madelung potential
(Vaughan, Tossell, and Johnson, I974).
(2) The potential energy at each point is then
evaluated, using electrostatics to calculate the
Coulomb part of the potential and the Xa sta-
tistical approximation of Slater (1,972) ro evalu-
ate the exchange-correlation contribution. The
Xa approximation employs a proportionality be-
tween the exchange-correlation potential at a
point and the cube root of the density of like-spin
electrons at that point. The proportionality con-
stant, c, in this approximation is determined
from first principles for the component free
atoms, these ,a values then being transferred to
the corresponding atomic regions of the cluster.
Appropriately weighted values of ,a ?re used in
the interatomic and extramolecular regions (John-
s o n , 1 9 7 3 ) .
(3) The potential is simplified to a muffin-tin
form by spherical averaging in the atomic and
extramolecular regions and volume averaging in
the interatomic region.
(4) The one-electron Schriidinger equation is
solved numerically in each region and the solu-
tions are expanded in a rapidly convergent com-
posite partial-wave representation.
(5) The wavefunctions and their first derivatives
are joined continuously throughout the various
regions of the cluster using multiple-scattered-
wave theory (Johnson, 1973).
(6) The spatial distribution of the electron
density is calculated and is used to generate a
new potential for the next step in the iterative
process. The entire numerical procedure is re-
peated in successive iterations until self-consist-
ency is attained.
(7) The final self-consistent solution for the
ground state of the cluster is expressed in terms
of one electron molecular orbitals. These are
characterized by their orbital energies (or eigen-
values), by their occupation numbers, and by
their electron density distributions.
The Scr X,a method differs from the more fa-

miliar Hartree-Fock-Roothaan Lceo-uo method in
two very important ways. First, in the Scr. Xo
approach the Schriidinger equation is solved nu-
merically rather than by expansion in a finite ana-
lytical atomic orbital basis set. Lc,lo methods re-
quire the choice of a finite basis set of atomic
orbitals and the size of the basis set seriously
affects the accuracy of the results. Second, in Har-
tree-Fock theory, as a result of the HF treatment
of the exchange potential, the empty orbitals are
treated as "virtual" orbitals which encounter their
own self-repulsion and are therefore somewhat too
diffuse (Huzinaga and Arnau, l97l). In the Scr
Xa method, the filled and empty orbitals are treated
equivalently by the Xa approximation so that the
empty orbitals are good representations of excited
state orbitals.

The method has previously been applied to
two important minerals; SiO2, o'-quartz (Tossell,
Vaughan, and Johnson, 1973a) and Fe2O3, '-hema-
tite (Tossell, et al, 1973b). A companion paper
discussing the electronic structure of Fe2. in tetra-
hedral coordination with oxygen and sulfur is in
press (Vaughan, Tossell, and Johnson, 1974). For
the SiOaa- molecular cluster, the Scr Xa model
for c-quartz, good agreement was found with the
experimental X-ray photoelectron, SiKB and OKo
X-ray emission and UV spectra of quartz. The
valence region MO's of SiO*"- were found to be
divisible into three filled sets: (1) O 2s non-
bonding orbitals (4ar and 3t); (2) Si 3s, 3p
and O 2p bonding orbitals (5ar and 4t2, separated
by 34 ev); and (3) O 2p nonbonding orbitals (1e,
5t.2,7t1), closely spaced in energy, and an empty set
(4) diffuse Si-O antibonding orbitals (6a1, 612). No
significant Si 3d participation was found in either
the O 2p nonbonding orbital set or in the bonding
orbital set. The small calculated separation of the
nonbonding orbitals was in good agreement with
the experimental X-ray photoelectron data (DiSte-
fano and Eastman, 1971). Lceo calculations, which
found much greater Si 3d participation, obtained
erroneously high values for the energy separation
of these orbitals (Collins, Cruickshank, and Breeze,
1972). It appears that the large Si 3d participation
found in this Lcno calculation is therefore an arti-
fact of the inadequacy of the basis set used. This
is Supported by the Scr Lceo results of Gilbert
et aI (1973) who find a maximum of 5 percent
Si 3d participation in the MO's of Si2O using a
larger basis set. Using the X-ray photoelectron,
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X-ray emission, and UV spectra of SiOz together
with the Scr Xo calculation, it was possible to
determine the positions of all the orbitals in the
system, usually to within one electron volt. We
have recently learned that high resolution OKa
spectra of SiOz (Klein and Chun, 1972) show a
main peak (arising from the 1tr orbital) and three
features at lower energy which can be identified
with the le * Stz,4tz and 5ar orbitals (the existence
and energy of the weak 541 peak confirming the
prediction of Urch, 1970). This interpretation is
consistent with the X-ray photoelectron data of
DiStefano and Eastman (1971) and with the Scr-
Xa calculation.

Spectroscopic Study of Electronic Structure of
Transition Metal Oxides and Silicates

Optical absorption spectroscopy, and related
techniques such as diffuse reflectance spectroscopy,
give information on the relative energies of the
highest occupied and lowest empty orbitals in transi-
tion metal oxides and silicates. Experimental spectral
energies may be used to define parameters, such
as lO Dq, which can be used within the framework
of crystal field theory to assess the stability of
metal-oxygen polyhedra (Burns, l97O). The major
deficiencies of optical absorption spectroscopy are
the small range of energies spanned by the technique
and the complexity of the spectra. The range of
energies studied can be expanded by the use of
UV reflectance spectroscopy. The UV reflectance
technique is of particular value for studying ligand +

metal charge-transfer spectra.
In X-ray emission spectroscopy, an electron is

ejected from a core orbital by an X-ray or an ener-
getic electron. A higher energy outer electron then
drops into the core "hole" and a photon is generated
with energy approximately equal to the difference
in eigenvalue (energy) of the outer and core or-
bitals. X-ray emission spectroscopy may be used
to study both the inner shells and the valence regions
of transition-metal oxides. Systematic studies have
been made of transition-metal oxide KB (Kiister
and Mendel, l97O) and L (Fischer, 1971., 1972)
X-ray emission spectra. X-ray emission spectra are
often easier to interpret than optical spectra be-
cause there are fewer spectral features spread over
a wider energy range and because symmetry selec-
tion rules are more rigorously followed. The major
deficiencies in the X-ray emission technique are
in the poor energy resolution (although important

advances have recently been made by Wetme et al,
1973) and in the need to superimpose several
different series of X-ray emission and absorption
spectra to determine the positions of all the MO's
of the material. This requires that a common energy
scale be constructed (Fischer, l97l).

In photoelectron spectroscopy, a "photoelectron"
is ejected by an incident photon. Its kinetic energy
is measured accurately, and the photon energy less
the photoelectron kinetic energy gives the binding
energy (- the negative of the eigenvalue) of the
orbital from which the electron was ejected' X-ray
and UV photoelectron spectra show intensity from
all the orbitals in the valence region of a material.
However. on all but the newest machines, the
spectral resolution is often insufficient to show
much structure in the valence region (e.g', Prins
and Novakov, 1972) and complications can arise
from satellite peaks (Hi.ifner and Wertheim, 1973).

X-ray photoelectron spectroscopy can also be
used to study the shifts of inner-shell orbital ener-
gies yielding information on molecular charge
distributions. However, as opposed to X-ray emis-
sion inner-orbital spectra, which show shifts only
as a function of oxidation state and nearest
neighbor coordination, the inner-shell photoelectron
peaks are significantly influenced by charges on
distant atoms (Shirley, l97O). The influence of
distant charges and the problems associated with
sample charging and reference level effects make
the interpretation of inner-shell energy shifts for
minerals very difhcult (Adams, Thomas, and Ban-
croft, 1972).

The spectral techniques discussed above are
largely complementary, and an adequate wavefunc-
tion should be capable of explaining all the ob
served spectra. The purpose of using ScF Xo wave-
functions to interpret the spectra of minerals is
twofold. First, an adequate explanation of the
spectra establishes the validity of the calculation.
Second, the interpretations of the spectra are clari-
fied, making it possible to identify those spectral
features which yield the most direct information
about the nature of the bonding and other quan-
tities of interest.

The Electronic Structure and Spectra
of Rutile' TiOz

Titanium. the second most abundant transition
metal in the earth's crust, is commonly found as
the TiOz polymorph, rutile. Its oxidation state is
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Frc. 1. TiOo& MO diagram (R(Ti - O) - 1.965 A);
the highest occupied orbital is the lhs.

spatial distributions of the orbitals are listed in
Table 1. For no orbital is there as much as 1 per-
cent density in the extramolecular region (III), so
this region has been omitted from the table.

The TiO68- MO diagram differs from traditional
textbook MO diagrams in the following respects.
The order of the t2s and eo orbitals is the same in
both the bonding and crystal field sets and the
a1o and /t, orbital energies are quite similar in both
the bonding and conduction band sets. There is
also a well-defined set of O 2p nonbonding orbitals.

usually *4 and its coordination is commonly six_
fold, although *3 oxidation and four-fold coordina-
tion do occur. Rutile is tetragonal, but the distortion
of the coordination polyhedra is fairly small (2
Ti-O distances are 1.988 A;4 are 1.944 A), (Grant,
1959) and should have little effect upon the spectra.

MO Diagram for Tious-

The calculated MO diagram for the TiOu'-
molecular cluster is shown in Figure 1. Although
all electrons of the cluster (78 for TiO6'-) ur" i.r-
cluded in the Scr Xa calculation, only the O 2s type
orbitals and the valence orbitals are shown in the
MO diagram, since the orbitals of lower energy
are essentially atomic in nature. The orbital ener_
gies are given in eu and the energy levels of the
free atoms (from atomic Scn X,a calculations) are
included for comparison. The orbitals are labeled
according to the irreducible representations of the
octahedral (O5) group under which they transform.
These O,, representations are such that the cen_
tral atom s orbitals belong to the are representa-
tion, the p orbitals belong to t1u, and the d orbitals
belong to eo and t2o. Appropriate symmetry com-
binations of the ligand orbitals belong to all the
irreducible representations. The Scr Xa program
calculates the electron density in each region of
the molecular cluster and such quantities as the
amount of "Ti 3d" character in an eo MO can be
assessed from the percent electron density inside
the Ti sphere.

The MO's in TiOz and other transition metal
oxides fall into five sets, distinguishable by their
energies and by the spatial distribution of their
electron density. The orbitals with eigenvalues
around -22 ev (5a10, 4t1u, Ieo) are essentially
O 2s nonbonding orbitals with a slight metal_orbital
admixture. The main bonding orbitals of the sys_
tem-Stu, 6a10, lt2o, and, 2eo-possess appreciable
metal and oxygen character. A strong indication of
the bonding nature of these orbitals is the large
amount of electron density in the interatomic region
(-30-40 percent). The lt2u, 6tru, and lllo orbitals
are all primarily O 2p nonbonding orbitals with
relatively little metal character and little density
in the interatomic region. The l/ro is the highest_
energy filled orbital. The two lowest-energy empty
orbitals are the 2tro and 3eo ,,crystal field', orbitals,
which have both Ti 3d and O 2p character. The
empty orbitals of the conduction band-7as and
7tr,,-are diffuse Ti-O antibonding orbitals. The
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TesI-E 1. Percentage Spacial Distribution of
Electron Density in TiOuF MO's

"sets" is the 2eo (Ti-O ".-tronding") which has an
energy and charge distribution intermediate between
those characteristic of the bonding and O 2p'non-
bonding sets.

Rutile: X-Ray and UV Photoelectron Spectra

Table 2 summarizes the observed X-ray (Hiifner

and Wertheim,1973) and UV (Derbenwick, 1970,
reproduced in Fischer, 1972) photoelectron spectra
of rutile. The resolution in the X-ray spectrum is
lower because of the greater intrinsic width of the

exciting X-ray line, but the width of the valence
band is about 5 ev in both spectra. In the UV
photoelectron spectrum, the bonding and O 2p
nonbonding orbital sets in the valence band can
be resolved.

'Ihere are experimental uncertainties in the abso'
lute values of the photoelectron binding energies
due to charging and reference level effects in TiOz.
In addition, our approximate treatment of the
Madelung correction to the TiOo'- orbital energies
precludes accurate calculation of absolute binding
energies. Therefore in Table 2 we have simply set
the energy of the 1/1n orbital equ,al to that of the
lowest-binding-energy photoelectron peak and ad-
justed the other orbital energies accordingly. The
relative energies of the valence band orbitals appear
to be reproduced quite well. The separation be-
tween the O 2s orbitals and the middle of the
valence band we calculated to be about 14 ev,
which compares favorably with the experimental
X-ray photoelectron value of -16 ev' Therefore
the orbital energies in the O 2s and valence regions
seem to be reproduced reasonably well by the Scr
Xc calculation.

Rutile: OPtical SPectra

Table 3 shows the observed and calculated optical
absorption and UV reflectivity spectra of rutile- Since
Tia- has no / electrons, the optical absorption spec-
trum exhibits only an edge,at 3.03 ev (Cronemeyer,
1952). An analogous peak is observed in the photo-

conductivity spectrum at about the same energy
(Cronemeyer, 1952). For some time it has been as-
sumed that the absorption edge in TiOz and related
compounds arose from a ligand -+ metal charge-
transfer transition (Kahn and Leyendecker, 1964).
This is verified by our calculation which assigns the
absorption edge to the ltlo + 2tzs transition, i.e., A

2p nonbonding + Ti 3d. In the Scn Xo method,
transition energies are calculated not from ground

REGION I

T i O

REGION I I

( i n t e r a t o n i c )

Ti-o ant ibonding orbi ta ls
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3 e
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6 9 3 1  0
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2 L
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2 e ^

l +
zg
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Ie
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L 2

3

2

5 8
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6 I
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3 7
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2 t
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0 2 s

I 1
g

4 t -  2  8 4  1 4
I U

5 a .  2  8 I  L 7
Lg

In general the orbitals are very much "grouped"
rather than being continuously distributed as sug-
gested by many qualitative MO diagrams. The only
orbital not easily assignable to one of the orbital

Tlnlp 2. Experimental and Calculated UV and X-ray
Photoelectron Spectra of Rutile

(energies in eu)

Experimental  Experimental
n 6 : L  l r h 6 l  r o 1 : f i r r a  F *

c a l c u l a t e  d
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state eigenvalue differences but by using the ..transi-
tion state" concept of Slater (1972). In the ,.transi-
tion state", half an electron is considered to be ex-
cited from the initial into the final orbital and the
calculation is then iterated to self-consistency for
the "transition state" electronic configuration. The
transition energy is expressed as the difference of
the "transition state" eigenvalues of the initial and
final states. Although this procedure is formally re-
quired for all types of spectral transitions, it seems
to have a large effect on the relative spectral energies
only for optical spectra. The calculated ,,transition
state" energy for the ltlo + 2t2o excitation is 3.2 ev,
in excellent agreement with experiment (the ground
state excitation energy is 2.6 ev).

The UV reflectivity spectrum of TiOg is more
informative than the optical absorption spectrum but
somewhat more difficult to interpret. There are in_
tense peaks at -4.'7 ev (A) and 8.8 ev (C), weaker
sharp peaks at 14.0 ev (E) and 17.4 ev (F), a
shoulder (D) at IO.7 ev, and some weaker peaks
(B) noted by Cardona and Harbeke (1965). The
possibility that peaks A and C result from transi-
tions from the O 2p nonbonding orbitals to the 2t2o
and 3eo orbitals, respectively, is unlikely because
their separation is 4.1 ev whereas the ,,crvstal field,,
splitting of the 2t2o and 3eo orbitals strouta be 2.7-
2.9 ev for Tia* with a Ti-O distance of 1.959 A (the
crystal field splitting is equal to 2.5 ev for aqueous
Ti3*, with a slightly longer Ti-O distance (Figgis,
1966, p. 2I8)). A second possibiliry is that the
2t2o orbital is the final state for both A and C and
that the initial states are in the nonbonding and
bonding orbital sets of the valence band, respectively.
The calculated separation of the 6ttu (O 2p non_
bonding) and 5hu (bonding) orbitals, both of which
can participate in symmetry-allowed transitions to
the ztps orbital, is 4.3 ev, in excellent agreemeni with
Ihe -4.1 ev separation between peaks A and C. It
was demonstrated in the previous section that our
calculated valence orbital energies were in good
agreement with the UV photoelectron spectrum;
therefore the calculations and photoelectron spectra
both support this assignment of peaks A and C in
the reflectivity spectrum. peaks E and F can also
be adequately assigned to discrete transitions be-
tween MO's using the suggested qualitative assign-
ments of Cardona and Harbeke (1965). The only
peaks not readily assignable from our calculation
are D (assigned by Cardona and Harbeke to Or-
2p --> 3s) and the weak B peaks, some of which
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Tlsrs 3. Experimental and Calculated Optical Spectra of
Rutile

(energies in eu)
'

O b s e r v e d  E x p e r i m e n t a l  C a l c u l a t e d
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MO CALCULATIONS FOR RUTILE, WUSTITE, AND HEMATITE
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may be associated with transitions to the 3eo orbital.
Overall, the agreement of the calculated spectrum
with experiment is quite good. It is clear that, if
our interpretation is correct, the reflectivity spec-
trum gives direct information on the relative energies
of all five orbital sets.

Rutile: X-Ray Emission and Absorption Spectra

In Table 4, the observed and calculated X-ray
emission and absorption spectra of rutile are pre-
sented. Although the individual experimental spectra
are the same as those used by Fischer (1972), there
are some doubts about his energy alignment of the
various spectral series and therefore each spectrum
will be discussed individually.

The TiKB emission spectrum shows a number of
peaks, which arise from transitions in which an elec-
tron in a ts (Ti p fype) orbital drops into a hole in
the Ti ls shell. The main peak, KB1, arises from the
3tru MO which is essentially a Ti 3p orbital. The
satellite peak KB' is assigned to a discrete energy-
loss process in which a KB1 photon excites an elec-
tron from the lt2o orbital into the Ttru orbital, i.e.,
an exciton process. This interpretation is very simi-
lar to that suggested by Kiister and Mendel (1970)
on qualitative experimental grounds and yields good
values for the relative KB' energies in TiO2, FeO,
and FezOs. In particular the Tttu conduction band
orbital is found to be at higher energy (KB' lower
with respect to KuBl) in TiOg than in the iron oxides
and at higher energy in FeeO3 than in FeO. The KB"



326 TOSSELL, VAUGHAN, AND IOHNSON

ExperimentaL
peak label

Tesrn 4. Experimental and Calculated X-ray Emission
and Absorption SPectra of Rutile

(energies in eo)

The TiLo spectrum (nominally arising from Ti

3d, 4s --> Ti 2h,n transitions) shows two broad in-
tense peaks with maxima separated by -4.2 ev. The

higher-energy La emission peak (designated F in

Fischer, 1972) is assigned by us to a ltto + 7i2p
transition. Fischer assigns this peak to the tt2o ot-

bital, discounting the possibility of 1/1, participation

because neither the Ti 3d not 4s orbitals belong to

this representation. This approach employs the nor-
mal assumption that the selection rules governing

X-ray emission are atomic in nature, i.,e., fot L

spectra the upper level must be an s or / state- How-

ever, we believe that the correct selection rules are
actually molecular in nature, i.e., determined by the

01, point group. Since the Ti 2p level and the dipole

moment operator are both of fr, character, the al-
lowed upper states are therefore a1o * €s * tzs *
t1o. The use of molecular selection rules admits the
possibility that the highest filled orbital is in fact the
ltro and therefore removes the necessity for assign-
ing the TiO2 absorption edge to a symmetry-forbid-
den lt2o --s 2tza transition, as in Fischer (1972)' In
general we believe that in cases in which the upper
atomic levels nominally involved in the X-ray transi-
tions are filled (e.g., the O 2p levels which generate
intensity in the OKc emission spectrum) the atomic
selection rules are adequate. However when the ap
propriate atomic levels are essentially empty (e.9.,

Ti 3d and Ti 4s in TiOz), absolute spectral intensi-
ties are reduced and transitions forbidden by the
atomic selection rules-but weakly allowed by the
molecular selection rules---can generate appreciable
relatiae intensity and therefore yield spectral fea-
tures.

The lower energy I'o peak is resolved by Fischer
into two components (A and G). Our calculations
indicate that the Zen, lt2o, and 6a1o orbitals have the
proper energies to contribute to this peak. The peak
maximum probably occurs very near the energy of
the lt2o orbital. Assigning the maxima of the two
La peaks to the l4n and 1l2o orbitals, we obtain a

calculated separation of 3.8 ev, in good agre€ment
with the experimental value of 4.2 ev. The peaks C

and D at lower energy can be adequately correlated
with the leo and 5a1o O 2s orbitals.

The OKa spectrum of TiOz shows a main peak

which is accompanied by a shoulder at about 2.6 ev
lower energy (Fischer, 1972; Smith and O'Nions
I972a\. Since the seven highest filled orbitals all
possess substantial O 2p character they should all
contribute to the OKc spectrum. The position of the
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peak clearly arises from the 4tu orbital, which re-
sembles O 2s. The Kdr peak is somewhat more dif-
ficult to assign definitively. The two Kp5 peaks ob-
served by Blokhin and Shuvaev (1.962) possibly
correspond to the 5/r, and 611, orbitals. However,
the experimental splitting of the Kps doublet is
much smaller (-1.7 ev) than the calculated 6ttu-
5/1, separation (4.3 ev) or that inferred from the
reflectivity sp€ctrum (4.1 ev). It seems more prob-
able that the 6ts 2p nonbonding orbital (with very
little Ti 4p character) will generate only a weak
feature, KB5, similar to the weak high energy shoulder
observed in the SiKB spectrum of SiOz (Klein and
C:hun, 1972). The K,B spectrum of Blokhin and
Shuvaev does show a weak shoulder at about the
expected energy. The doubling of the KBi peak may
arise from a splitting of the 5t1, orbital. This may
result from interaction between the metal-oxygen
polyhedra (Tossell, 197 3a).

F
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ite L* spectrum was very similar to Fischer's rutile
spectrum.

The Electronic Structure and Spcctra
of \ilustite, FeO, and Hematite, Fe2O3

MO Diagrams For FeOuro- and FeO6s-

The O 2s and valence MO structure of FeO61o-,
the Xq model for FeO, is shown in Figure 2a. T'lte
previously published (Tossell et al, I973b) MO dia-
gram for FeO6e- (the FezOa model) is also shown
(Fig. 2b) so as to permit comparisons between the
Fe2* and Fe3* species. Since the iron oxides have
ground states with total spins, S + 0, an unrestricted
Scr calculation, in which the spin-up and spin-down
electrons occupy different orbitals, must be per-

reo j l o  R (Fe -o )  =2 . t7 i

sp r ru l  sP rN l  o

OKc intensity maximum should correspond to some
weighted average of the "l,ts, 6t1u, lt2u, and 2eo
orbital positions. Simply weighting the energies of
these four orbitals by their degeneracies, we calculate
the OK,a maximum to lie 1.1 ev lower in energy than
the higher energy TiLc peak. As shown in Fischer

separ:ation of 3.4 ev between the peaks resulting
from the two orbital sets and approximate main
peak/shoulder intensity ratio of ll/7 is obtained.
in fair agre€ment with experiment. An analogou.s
weighting of the experimental energies from the UV
plrotoelectron spectrum leads to a 3.2 ev separation.
A more detailed analysis will require the calculation
of spectral transition intensities.

The TiK, TiL, and OK X-ray absorption spectra
all show similar features for TiOs. This suggests that
selection rules are greatly relaxed for traniitions to
conduction-band orbitals. The two low energy peaks
(b and c) were assigned by Fischer to the 2t2o and,
3eo orbitals. The experimental separation is 2.1 ev,
somewhat smaller than the -2.g ev expected. How_
ever Fischer (1970) also finds a low value for 2t2n _
3eo splitting in Ti2O* (1.9 ev us 2.5 ev from optical
spectra) and so the assignment seems sound. It is
not clear why the X-ray 2t2o - 3eo splittings are
systematically smaller than their optical values in
these materials. Our calculated 2tzg - 3eo separation
is somewhat larger (-l.S ev). The peak d observed
in the TiK absorption spectrum of Albrecht (1966)
is assigaed to the 7/1& conduction-band orbital with

Although our assignment of the TiL emission
spectrum differs from that of Fischer, we agree that
the 2t2sf orbital, one third filled in TiB. oxides, will
contribute intensity to the higher energy L emission
peak. Therefore an increase in the relative intensitv
of the higher energy L emission peak does indicate
an increasing amount of Tis-. Such an analysis was
used by Pavicevic, Ramdohr, and ElGoresy (1972)
to show the presence of TiB- in lunar ilmenites. They
used the TiOz and TL1OB La spectra of Fischer
(1971) as reference spectra for Tia- and TiB* in
octahedral coordination, noting that their pure ilmen_
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Frc. 2b. FeOu* MO diagram (R(Fe - O) : 2.06 A).
The highest occupied orbital is the 3eol, containing two
electrons.

formed. Note that the spin splittings are quite large
for the es and t2s orbitals. The lowest-energy orbitals
in Figure 2 arc again the set of three predominantly
O 2s orbitals. The 6a1n and 511, bonding orbitals
have eigenvalues around - 11 ev. We find the lt2nl
and zesF bonding orbitals around -9 ev in FeOo'o-
at higher energy than in FeOoF by about 1 ev. The
Itlo, 6t1,,, and 1t2,, orbitals are at about the same
energy in both species and are again O 2p nonbond-
ing orbitals. In the Fe2* species the "crystal field"
orbitals, 2t2o and 3en, are at or above the top of the
O 2p nonbonding set while in the Fe3' case the 2t2gf
orbital lies deeply within this set. The 2t2ol + 3eof
eigenvalue difference is somewhat smaller in the fer-
rous case (1.7 as 2.2 ev) and the spin-splitting is

somewhat laryer (2.9 us 2.7 ev for the 3eo state).
The conduction band levels are lower than in TiO2,
and the FeO610- conduction band levels are about
1.8 ev lower than those in FeO6r. The difference
in the energies of the crystal field levels with respect
to the O 2p nonbonding orbitals is primarily a result
of the difference in Fe oxidation state. The differ-
cnce in conduction band levels results mainly from
the oxidation state difference although the Fe-O dis-
tance (2.06 A in FeOoe- and 2.17 A in FeOe'o-)
also has some effect.

Valence region X-ray and UV photoelectron spec-
tra are not available for FeO because of its instability
with respect to FezOg. Therefore, the optical and
X-ray emission spectra of ferrous compounds will
be discussed first.

Optical Spectra for Octahedral Fe2*

In oxide and silicate minerals in which ferrous iron
is octahedrally coordinated, a crystal field 'Tro +
5E, transition with an average energy (A) of -

10,000 cm-l (Burns, 1970) is normally observed.
The "Ayy" value for R(Fe-O) = 2.17 A is 9300
cm-1 from the analysis of Faye (1972). The value
for the 2trn1 --> 3erJ transition from a transition
state calculation is l3,7OO cm-1. This suggests an
error in our calculated 2t2ul, --> 3eoJ, separation of
about 0.5 ev. Although this error is small in absolute
magnitude, it is nonetheless a large percentage of
the experimental result.'? The lowest optically al-
lowed O'?- -+ Fe2* charge transfer transition is
from 6trul, -> 2tzol. The calculated transition-
state energy is 37,50O cm-' which compares well
with experimental spectra which show an absorp-
tion edge around 35,000 cm-' (Figgis, 1966)' The
lowest optical L -> M charge transfer transitions in
the ferric case are calculated to occur at 25,30O cm-'
(6t6'-> 2t2o{) and 29,4@ cm-' (1t2,{'+ 27t011
and the transition is observed at 28,570 cm-l (Tan-

don and Gupta, 1970). The lower value of the
charge-transfer energy in Fe3- oxides is a result of
the lower relative energy of the crystal field orbitals
in the ferric case. Very weak, spin-forbidden transi-
tions are observed in Fe'* minerals in the region
from about 2O-23,O00 cm-' (Burns, I970,Fi9.3.2).
The calculated transition-state energies of the 3enl

'The observed Scn Xa overestimation of the crystal field

splitting by 0.5-0.8 ev in transition metal oxides can be

eliminated by a slight modification of the procedures de-

scribed in the "Calculational Method" section. Such modi-

fied calculations will be reported in the future.
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's 3esI and 2t2ol --> Ztzsf transitions, 21,50O cm-l
and 22,400 cm-1 respectively, are in excellent agree-
ment withexperiment.

X-Ray Emission Spectra from Octahedral Iron
In Table 5, the calculated and experimental Fe

Kp X-ray emission spectral energies of FeO and
FerOr are listed. In the FeKB spectra, the KB, peak
decreases in energy with respect to Kfu as the oxida-
tion state of iron increases, primarily because the,ltn
orbital lies higher in the ferric state. This increase in
the KB'-KQ1 separation from FeO to Fe2O3 was
noted by Kijster and Rieck (1970) and related to
the larger d.c. resistivity of Fe2O3. The calculatidns
also show that the KBs Wak energy increases with
an increase in the Fe oxidation state. This results
from a drop in energy of the Fe ls orbital while the
4, 5, and 6tr, orbitals remain fairly constant in en-
ergy. This calculated trend is in agreement with ex-
periment. The KB;' peak, arising from the 6tr, O 2p
nonbonding orbital is probably too weak to be ob-
served in both FeO and Fe2Os.

It is observed experimentally that the FeKB ab-
sorption edge is -5.8 ev higher in FezOg than in
FeO (Dodd and Glenn, 1968). We calculate the K
absorption edge to lie higher in FeOue- than in
FeO61r by 4.0 ev. This difierence in enersv arises
from two separable but complementary eftelcis: (1)
the Fe 1s orbital is 2.2 ev lower with respect to the
ltro orbital in the Fes'case, (2) the 7ttu conduction
band orbital is 1.8 ev higher with respect to the 1/ro
in the FeS. case.

The FeZ,a spectra of ferrous and ferric compounds

are quite similar. A detailed assignment of the Fe2O3
La emission and absorption spectra may be found in
Tossell et ol (1973b). Briefly, the main La emission
peak is assigned to the 2t2ol orbital and the main
absorption peak to 2t2of. This assignment is con-
sistent with the 2t2ol + 2t2ol, separation observed
in the optical spectrum of FezOs. A weak peak on
the high energy side of the La emission peak, ob-
servable only under conditions of negligible self-
absorption, has been assigned to the 3eof orbital.
The low intensity of this peak is probably a result
of self-absorption by the nearby 2t2ol orbitaL Alter-
natively, this high energy structure may be attributed
to double ionization satellite intensity (Liefeld,
1968). The shoulder observed on the low energy
side of the main L,a emission peak is here assigned
to orbitals lt2ol and/or 6a1o.If the primary intensity
of this shoulder arises from 1,t2nl, then its energy
with respect to the main peak will have little de-
pendence on Fe oxidation state. On the other hand.
if the 6a1o yields appreciable intensity, the separa-
tion of the shoulder from the main peak should in-
crease from ferrous to ferric compounds. At present,
no experimental information exists on this point. By
analogy with TiO2, low energy satellite peaks arising
from the predominantly O 2s MO's, namely leo and
5a1n, ate expected. Calculated energies of these or-
bitals indicate an - L ev smaller separation of the
O 2s derived peaks and the main peak in ferric state
relative to the ferrous. This is a consequence of the
lower relative 2t2o| energy for Fe3*. Apparently, no
attempt has been made to observe features in this
region of the FeLa spectrum.

Taslr 5. Experimental and calculated FeKp x-ray Emission spectra: Feo us Fezoa
(energies in eu)
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The ratio of the LB/La peak intensity decreases
linearly and quantitatively as iron oxidation state
increases within some solid solution series (O'Nions
and Smith, 1971; Pavicevic et al, 1972). O'Nions
and Smith (197I) explain this by assuming that the
LB peak arises from transitions from antibonding
MO's only (e.9., 2te0I) while both antibonding
(2tznI) and bonding (e.g., 2e,,, 1t.2,,, 6a1,,, 5/r,,) MO's
contribute to La. However, it is apparent from the
shape of the La spectra (O'Nions and Smith, 1971)
that even if this assumption were true, the percent
of the L,a intensity arising from the bonding orbitals
is quite small (certainly (10 percent). An alterna-
tive explanation is that in Fe'. compounds, there is
a preferential self-absorption of the Lp peak. This
interpretation is supported by our calculations (Fig.
3 ). Features in the La absorption spectrum result
from transitions from the Fe Zpg 2state to the crystal-
field+ype orbitals 2t2ol, and 3e,,J, and the conduction

band orbital 1at,, (and perhaps 7tn).These spectral
features are shown strikingly in Fischer's Cr oxide
X-ray absorption spectra (Fischer, I97I). The sepa-
ration of lhe La and LB absorption maxima in Fe
oxides is - I 1.2 ev at 2 kY operating voltage
(O'Nions and Smith, l97l). The 2t2r{ and 3e,,t
orbitals are at the right energy to absorb X-ray in-
tensity on the high energy side of the Ls erhission
peak in both the Fe'* and Fe3. cases. On the other
hand, the 7d1,, and 7t1,, conduction band orbitals
for Fe'z. occur at a minimum in the emission spectra
(betw.een the L" and LB peaks) while in Fe8* com-
pounds the conduction band orbitals fall right on
top of the Lp emission peak. Therefore the LB peak
will be preferentially self-absorbed in Fe3. com-
pounds to produce lower LB/Lo intensity ratios.

The separation of the 2t2,,1 and 7a1,,1 orbitals is
mainly a function of oxidation state although pre-
liminary Scp Xo results do show it to have a weak
metal-oxygen distance dependence. Therefore the
LB/La intensity ratio does measure the percent Fe3*.
Fischer and Baun (1968) have explained how such
a technique ("difterential self-absorption") can be
used to obtain L absorption spectra explicitly, and
Dodd and Ribbe ( 1.972) have obtained preliminary
results for minerals.

In the OKo spectra of the iron oxides, experiment
shows a broad peak at 524.6 ev in hematite and, in
wustite, a main peak at 524.L ev with a shoulder at
527.2 ev (Smith and O'Nions, 1972a). Our calcula-
tion on the ferric cluster shows the crystal field and
O 2p nonbonding and bonding orbitals to be fairly
well mixed in energy, thus explaining the broad fea-
tureless spectrum observed in Fe2O3. On the other
hand, in the ferrous case the 3eol and 2tz, orbitals
are well separated from the O 2p nonbonding levels,
as shown in Figure 2a. The 2.8 ev separation be-
tween the weighted average energies of the O 2p
nonbonding orbitals (plus the 2t2ul and 2eol,) and
the 3e,,1, 2t2ol, crystal field orbitals compares well
with the experimental separation of 3.1 ev. There-
fore the OKo X-ray emission spectrum of wustite
shows a high energy shoulder directly attributable to
the Fe2* crystal field orbitals.
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ably well. The crystal field splitting of the 2trol and
3eof orbitals was a prominent feature of the experi-
mental spectrum. The measured crystal field splitting
was -1.9 ev or about 15,000 cm-1, in reasonable
agreement with the measured values of 13,700-
16,500 cm-1 for 1O Dq in octahedral ferric corn-
pounds (Burns, 1970, Table 2.4).The separation we
calculated was somewhat larger, about 2.7 ev. The
only ambiguous feature in the spectrum, a peak
around 15 ev in binding energy, is now believed
due to photoemission by the MgKa3,a satellite line
from the MgKa X-ray. Calabrese and Hayes (1973)
have shown for a series of transition metal oxides
that the spectral region shows only weak satellite
intensity. The study of the valence region X-ray (or
UV) photoelectron spectrum of a stable ferrous min-
eral such as fayalite would provide a good test for
our FeO610- calculation. The fayalite photoelectron
spectrum should be interpretable in terms of a
superposition of the calculated spectra of the FeO61o-
and SiOla- polyhedra.

Transition Metal Oxides: Elucidation of
Structures from Spectral Data

In the iron and titanium oxides, the non-core
orbitals can be divided into: (1) a set of O 2s non-
bonding orbitals (5a1o,4t1,,, le); (2) a set of metal-
oxygen bonding orbitals with substantial density in
the interatomic region (5t1,,, 6a10, h2,, 2eo); (3) a
set of O 2p nonbonding orbitals (1t",,, 6tr,,, llro);
(4) the "crystal field" orbitals (2t20,3e") with metal
3d andO 2p character; and (5) the conduction band
orbitals (1aro,7ty) which are metal-oxygen 4s and
4p antibonding and diffuse in character. The orbital
sets most affecting the stability of the system are the
bonding and the crystal field sets. The O 2s and
O 2p nonbonding sets are quite constant in energy
while the conduction band set is empty and there-
fore does not affect the ground state energy.

The energies of the various orbital sets may be
determined experimentally in the following man-
ner. The O 2s orbitals are most easily identified by
X-ray photoelectron spectroscopy. In conjunction
with a photoelectron measurement of the M 3s or 3p
level they could give useful information on the
charge distribution in the M-O bond. Measuring
binding energies of M and O orbitals together would
eliminate the problems of charging and reference
level effects and greatly simplify comparison of cal-
culated and observed photoelectron shifts. The O 2s
orbitals can also be identified in MKB X-rav emis-

sion spectra and perhaps in ML spectra. The energy

,of the O 2s derived Kp spectral peaks (and perhaps
the L peaks) are good indicators of the transition
metal's oxidation state.

The metal-oxygen bonding orbitals, although very
interesting, are most difficult to locate experimen-
tally. The best method for studying them appears
to be MKB X-ray emission spectroscopy. but the
appropriate peak (KB,i) is very weak. These orbitals
may be resolvable in OKa spectra if they are fairly
compact and well separated from the O 2p nonbond-
ing orbitals (as in TiOr). Also, since the bonding
orbitals are quite diffuse, they should show sub-
stantial intensity in UV photoelectron spectra for
reasons discussed by Lohr and Robin (1970) (this
is the case in TiOr). In many cases, the structure of
the bonding orbitals may also be seen in the UV
reflectance spectrum.

The O 2p nonbonding levels are easily found from
OKa X-ray emission spectroscopy. Although they
show little variation in energy for the clusters studied
here, this may be due to the length of the O-O
edges. The shortest O-O edge in any of the clusters
studied was 2.16 A. At smaller distances. it is con-
ceivable that O-O antibonding does cause a sub'
stantial rise in the energy of this orbital set. Note
that it is precisely this effect which is the basis of the
radius ratio rules.

As is well known, the "crystal field" orbitals are
most easily studied by optical absorption and reflec-
tance spectroscopy. Transitions within the crystal
field set as well as transitions from the O 2p non-
bonding set (and in some cases the M-O bonding
set) to the crystal field orbitals can be thus studied.
The crystal field orbitals can also be studied by
X-ray photoelectron spectroscopy and X-ray absorp
tion spectroscopy. The conduction band levels can
best be studied by far UV spectroscopy but can also
be studied usefully by MKB X-ray emission spec-
troscopy. Therefore, every set of levels can be
studied spectroscopically.

Spectral Evaluation of Mineral Stability

A worthwhile goal would be to evaluate the stabil-
ity of a transition metal-oxygen cluster directly from
the spectroscopic values of the energy levels. One
major problem in implementing this procedure at
the present time is the difficulty in studying the
M-O bonding orbital set, since these orbitals are
spread out in energy and diffuse in space (thus
generating fairly small X-ray intensities). A second
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serious problem is in the very high spectral energy
resolution required. An average error of only 0.1
ev in FeOo'.- valence orbital energy would produce
an error in total energy of -16 kcal/Fe-O bond.

Of course, in most cases, it is not the total energy
of a system but rather the relative energies of related
systems which are of interest. For related systems, it
is possible that the energy variations in one of the
orbital sets will essentially determine the relative
energies or stabilities. This will certainly be the case
if all the other orbital sets are constant in energy. It
will also occur if the energy variations of the other
orbital sets compensate for each other. For example,
qualitative considerations and preliminary Scr X"
calculations show clearly that reducing the Fe-O
distance will destabilize the crystal field orbitals
(i.e., raise their energy baricenter), stabilize the
bonding orbitals, and increase the crystal field split-
ting). The total energy will be a complicated func-
tion of all these efiects. Oxygen-oxygen antibonding
effects may also be important in some cases. As noted
by Burns (1970), crystal field stabilization energies
are a small fraction of total lattice energies (usually
< 10 percent) but have a strong influence upon
relative stabilities and thus are good predictors of
element fractionation and site enrichment. This is
understandable in terms of the competition between
crystal field orbital destabilization and bonding or-
bital stabilization. It is possible that a model which
included the crystal field splitting, the separation of
the O 2p nonbonding and cfystal field levels, and
the energy of one of the bonding orbitals would give
accurate relative stabilities in all cases, and thus be
able to predict element fractionations and site en-
richments. Such a model would require experimental
data from optical absorption spectra for crystal field
splittings, from UV reflectance spectra for accurate
O'- + Fe charge transfer energies, and from FeKB
and L (or in simple minerals OK") X-ray emission
spectra for bonding orbital energies.

Prediction of the Spectra and Electronic Structure
of Minerals at High Pressures

An important area of application of these results
is in the interpretation and prediction of the spectra
and electronic state of Fe in minerals at high pres-
sure. Methods have been developed by Gaffney
(1972) and by Wood and Strens (1972) for cal-
culating crystal field spectra from crystal structure
data. These methods, which rely upon an assumed
R-5 distance-deoendence law for the crvstal field

splitting and upon empirical parameterization, yield
crystal field spectra in fairly good agreement with
experiment. However, the high pressure optical and
conductivity studies of Mao and Bell (1972'l in-
dicate that the major change in the high pressure
spectrum of fayalite (in both olivine and spinel
polymorphs) is an enormous reduction in energy
and an increase in intensity of the 6 -+ Fe charge
transfer band. Such changes are outside the scope
of semi-empirical crystal field calculations. Similar
shifts in the O'* -+ Fe3' charge transfer peak of
Fe3* chemical compounds have been observed by
Drickamer and correlated with Fe3* .+ Fez* reduc-
tion observed at high pressure by Miissbauer spec-
troscopy (Drickamer and Frank, 1.972). A similar
reduction of Fe3* to Fe2* has been observed in the
mineral magresioriebeckite (Burns, Tossell, and
Vaughan, 1972). Scp X,a calculations are presently
being performed on Fe-O clusters at different Fe-O
distances in order to interpret those results.
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