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Simplified electronic-structure models based on
molecular orbital calculations are presented for he-
matite, magnetite, ilmenite, ulvdspinel and chro-
mite. The "one-electron" MO/band-ttreory models
are correlated with the properties of these min-
erals. Spectral reflectivity variations are inter-
preted from the energies of allowed electronic
transitions involving both orbitals dominantly
metal in character and those dominantly oxygen.
The influence of electronic structure on limits of
solid solution, Vickers hardness and thermochem-
ical properties is also considered. In particular,
the contribution to stability of tle main bonding
orbitals (chiefly metal 3d and oxygen 2p in
character) is assessed. The electronic structures
and mineral properties of wiistite, rutile and esko-
laite are also briefly reviewed.

Souvrernr

Des moddles simptrifi6s de structure 6lectronique
fond6s sur le calcul d'orbitales mol6culaires sonr
pr6sent6s pour l'h6matite, la magn6tite, l,ilm6nite,
lulvdspinel et la chromite. On 6tablit une con6la-
tion entre ces moddles et les propri6t6s des min6-
raux consid6r6s. ks variations en r6flectivit6
spectrale s'expliquent d partir des 6nergies de tran-
sitions 6lectroniques permises qui imptquent i la
fois les orbitales i caractdre oettement m6tallique
et celles dont le caractdre d6pend surtout de I'oxy-
gdne. La structure 6lectronique exerce son influence
sur les limites de solution solide, la duret6 Vickers
et les propri6t6s thermochimiques; en particulier, les
orbites principales de liaisons (surtout m6tal 3d er
oxygBne 2p) contribuent i la stabilit6. Les struc-
tures 6lectroniques et propri6t6s min6rales de ra
wtstite, du rutile et de l'eskolaite sont pass6es en
revue.

Cfraduit par la R6daction)

INtnooucrtoN

Electronic structure (or themical bonding,)
models are fundamental to an understanding of

mineral properties, stabilities and occurrence,
and to prediction of mineral behavior under
various pressure and temperature conditions.
Although a number of models of varying com-
plexity may be proposed, we believe that an
approach based on molecular orbital (MO)
theory incorporating some elements of band
theory is most useful to the mineralogist.

In recent years, improved methods of quan-
tum-mechanical calculation and spectroscopic
data of greater resolution have enabled more
co,mplex systems to be successfully modelled
in this way. Such studies have included calcu-
lations on cluster units of transition-metal ions
coordinated to oxygen (e.9., Tossell et al. L973,
1974; Tossell l976a,b), Such units combine to
form the petrologically important oxide minerals
hematite, magnetite, ilmenite, ulviispinel and
chromite. The object of this paper is to present
simplified ("one-electron") models of the elec-
tronic structures of these minerals in the valense
region and to show how they may be used to
understand the properties of interest to the min-
eralogist. In particular, the quantitative ore-
microscopic properties of reflectivity and Vick-
ers microhardness will be considered a$ will,
where possible, the relationship between elec-
tronic structure and crystal structure, magnetic
and electrical properties, thermochemistry and
solid solution behavior.

The electronic structure models described here
are considered as providing an adequate descrip-
tion of the outer (valence) electrons of the oxides,
despite the complexity of the systems. As Good-
enough (L963, L97L) has stated, the outer elec-
trons in such crystalline solids can be described
by two limiting theories: the crystal- (or ligand-)
field theory and the band theory. In crystal-field
theory, tle interactions between neighboring
atoms are so weak that each electron remains
localized. at a discrete atomic position; band
theory assumes that the interactions are so large
that each electron is shared between the nuclei
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Such "one-electron" energies can then be used
to construct energy-level diagrams.

Molecular-orbital theory is capable of de-
scribing systems with valence electrons ranging
from highly delocalized to highly localized, and
the results of cluster unit calculations can be
used to construct "one-electron" MO/band ener'
gy level diagrams. The major errors introduced
by the "one-electronn' treatment are those of
igaoring the correlation in the motion of elec-
trons with opposite spin (the correlation of like-
spin electrons is properly treated) and in the ne-
glect of multiplet effects.

As the oxides being considered form two dis-
tinct structural groups, hematite-ilmenite and
the spinels (magnetite, chromite, ulvtispinel), they
will be discussed under these divisions. The
binary oxides wiistite, rutile and eskolaite, al-
though of less direct petrological importance, are
also discussed for comPleteness.

The relevance of interpretations based on ionic
radii and on the crystal-field theory of transi-
tion metals (see Table 1) will also be critically
assessed in an attempt to produce satisfactory
working models.

Hrrrerne, Ir,vsNrrs AND THE HsMerrrs-
Ir-rvrsNrrs SBnres

Both hematite and ilmenite possess rhombohe-
dral crystal structures closely related to that of
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(i.e., delocalized.).Tll.e formidable problem of de-
scribing tle interactions of these 'omany elec-
tronso' is normally simplified to description of a
single electron moving in a periodic potential.
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corundum. The metals are in octahedral coordi-
nation in an approximately hexagonal close-
packed array of oxygens: ilmenite differs in
having distorted oxygen layers (Table 2).

Molecular orbital calculations utilizing the
SCF-)G scattered wave method have been per-
formed for metal-oxygen polyhedral clusters con-
taining Fe'*, Fee+ and Tio* in octahedral coordi-
nation to oxygen (Tossell et al. L973, L974).
These calculations were used to model the elec-
tronic structures of rutile, wiistite and hematite
and to assign and interpret their X-ray and uv
photoelectron, X-ray emission and absorption,
and optical absorption and reflectance spectra.
The good agreement between calculated and

observed transition energies support the validity
of the calculations. It should be noted, however,
that in these calculations, the choice of certain
initial parameters employed may affect the re-
sults obtained. For example, the use of overlap-
ping spheres defining the various regions around
the atoms in the clusters affects ligand p - metal
3d energy separatiorls by as much as 1 eV
(Rtisch et al. L973).

The same calculations have been used here to
construct schematic ('one-electron") MOlband
theory energy-level diagrams for hematite and
ilmenite, shown in Figure 1. It has been argued
by Goodenough (1963, l97I) that the outermost
electrons in the valence region for these mate-
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Fra. 1. Molecular orbital/band models to illustrate tAe electronic structures of her4atite and ilmenite.
Calculations were performed on an FeO6s-, cluster at an Fe-O distance of 2.064 (as in FezOs), a
FeO"tt cluster at uo f"-O distance of.2.17L @t.,2.14A" in FeTiOg) and TiOue- cluster at a Ti-O
distance of 1.965A (d., 1.98A in FeTior).
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rials may be described using localized models.
Hence the orbitals, dominantly of metal 3d
chatactero are shown in the diagram as discrete
levels, whereas the other levels are shown as
broadening into bands.

As this is the first of the energy-level dia-
grarns, more detailed discussion is appropriate.
The diagram shown for hematite in Figure t has
many features in common rvith the familiar MO
diagrams of elementary chemistry texts (Gray
1965; Cotton &Wilkinson 1,972). One complexity
immediately seen is the effect of unpaired spins
on the electrons of the partly filled 3d orbitals
in splitting the valence-orbital energy levels into
'ospin-up" (1) and "spin-down ( J ) levels. From
the salculations, it is also possible to comment
on the composition of particular molecular orbi-
tals in terms of the contribution of atomic orbi-
tals of metal or oxygen. In the FeOs'- sluster of
hematite, tle highest-energy filled orbital is an
egf orbital that is antibonding in character
(mainly Fe3d and O2p). The filled tzut orbital
(a bonding orbital of Fe3d and O2p character)
lies several eV lower in energy, beneath energy
levels shown at the top of a delocalized band in
Figure 1. As in all of the oxide systems studied,
the top of this s-p band is made up of O2p non-
bonding orbitals. Several eV below the top of
this band are the main bonding orbitals of. Fe3d,
4s, 4p and O2p charaster. The vacant orbitals
in the valence region are the eg I and t c J
shown in Figure 1, and (about 9 eV above the
highest filled orbital) the diffuse antibonding or-
bitals of tle s-p& band with metal and oxygen
s and p orbital character.

One weakness of these calculations is their
failure to accurately reproduce the energy sepa-
ration of tJ.e 3d orbital energy levels when split
by the octahedral crystal field. However, Sambe
& Felton (1976) have shown that values of crys-
tal field splitting (10Dq) are more accurately re-
produced in SCF-& calculations by using the
transition-state procedure in which half an elec-
tron is transferred from the ground state to the
excited state and the calculation reiterated to
self-consistency. When there is spin-splitting of
tle valence orbital energy levels, 10Dq should be
the average of the separations of "spin-up" and
"spin-down" trg and eu levels calculated by the
transition-state procedure. Using the above pro-
cedure, 10Dq values from the SCF-)L calcula-
tions are found to be in better agreement with
experiment than had been previously assumed
(Vaughan et al. 1974).

'In Figure 1, a similar model for ilmenite is
based on calculations on the FeO.1G and TiOus-
clusters. The nature of tle rp (bonding) and

s-p* (antibonding) bands is much the same as
in FezOa. However, the 3d levels of Fee+ do not
overlap the s-p band as much and, along with
the vacant Ti3d levels, there is the additional
tn* J electron of Fe'*. The vacant t:s oDd gg
levels of TiOos- have both Ti3d and O2p charac-
ter, with the eu level of antibonding character.

Reference to Table 1 shows that the calcu-
lated t:e-ee separation (crystal-field splitting) ex-
ceeds that found experimentally using spectro-
scopic data and adjustment should be made for
this. Although both hematite and ilmenite are
antiferromagnetic at 25oC, the coupling energies
involved in these interactions between polyhedra
are only fractions of an eV and can be ignored
for these and the spinel compounds in the pre-
sent models.

Interpretation of properties

The properties of hematite and ilmenite, sum-
marized in Table 2, will now be considered using
the models outlined and also noting data from
Table 1. Electrical and magnetic studies (Table
2) show that both oxides are essentially serni-
conducting antiferromagnetic compounds at low
temperatures, with their outermost (3d) electrons
localized on the cations and unpaired electrons
on adjacent metals coupled antiparallel. The
electrical conductivities (or resistivities) of the
pure oxides are difficult to define because of the
large effects of minor inpurities or deviations
from stoichiometry. Howevel the simple models
of Figure 1 indicate a smaller separation between
occupied and unoccupied energy levels in hema-
tite than in ilmenite, which should indicate a
significantly lower resistivity. Available data
confirm that the intrinsic resistivity of hematite
is -0.3 ohm-m, w'hereas that of ilmenite is
-0.8-1.8 ohm-m (Shuey 1975).

The optical properties of greatest mineralo-
gical interest are the spectral reflectance values
throughout the visible region of the spectrum.
Detailed data for hematite, ilmenite and a tita-
nium-bearing hematite have been reported by
von Gehlen & Piller (1965) between 440 and
660nm. Values for the two principal vibration
directions in plane-polarized light are shown
(Fig. 2) for both pure hematite and pure ilme-
nite. Burns & Vaughan (1970) and Vaughan
(L973, 1975) have argued that high reflectance
values result from excitation and delocalization
of electrons into orbitals or bands of diffuse,
antibonding (i.e.,'tonduction band") character.
Examination of the electrontc-structure models
(Fig. 1) shows that "allowedo' electronic transi-
tions occur in ilmenite from mainly oxygen s-p
to titanium tzn orbitals at an energy correspond-
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Frc. 2. Spectral reflectivity data in the visible light range (-400J00nm)

for hematite Oeft) and ilmenite (right). Data are shown for both the
ordinary (R,) and extraordinary (R") vibration directions in plane-polarized
light; arrows indicate the eneigy regions of the major electronic traosi-
tions.

ing to -400nm as indicated by the labels in Fig-
ures 1 and 2. "Allowed" transitions also occur
f,rom iron tzn J to ec J orbitals at energies cor-
responding to -10o0nm. These transitions, cor-
responding to the absorption and subsequent re-
emission of energy, account for the higher values
of reflectance at either end of the -400-700nm
profile. In hematite, the s-p -t t2s transitions at
an energy corresponding to -400nm acsount for
the decrease in reflectance from 400 + 70onm,
and the greater concentration of iron contribut-
ing to this transition, for the greater overall re'
flectance.

Calculations on an octahedral TiOes- cluster
using the same methods (I-oeffler et aI. t974)
show that Ti3+ substitution in ilmenite should in-
troduce a positive feature at -530nm in the
spectral profile. As Ti8+ ions are postulated to
oscur in lunar ilmenites, it is particularly inter-
esting that such a feature has been tentatively
observed in spectral reflectance measurements
of some of the lunar ilmsniles (Simpson & Bowie
L97O).

The Vickers microhardness data show a
marked decrease in mean values from hematite
to ilmenite 1926->626; see Table 2) which can be
correlated with an increase in the unit-cell dimen-
sions of I7o in the o parameter and ZVo in tb.e
c parameter (Table 2). The major contribution
to this is the additional ta I electron of Fe'*
(which consequently has a 207o gteater ionic
radius; Table 1).

Although hematite and ilmenite are very si-
milar in crystal structures, the differences in
electronic structure are sufficient to greatly limit
solid solution between them at room temperature
(Nicholls 1955). Above 1050oC, there is com-
plete solid solution between hematite and ilme-
nite but at 8@oC, not more than SVo TiOa can

enter the a-FerOg structure.
The thermochemical data (fable 2) show a

considerable difference in the free energies of
formation of hematite and ilmenite, and a num-
ber of observations can be made regarding this
difference. The crystal-field-theory approach
would emphasize tbe stabilization gained by the
addition of the sixth 3d electron of Fe'z" (Iable
l). Reference to the MO model (Fig. 1) empha'
sizes another important factor. Although the
energies of Fe'+-O and Fez+-O bonding orbitals
are very similarn the Tia+-O bonding orbital set
is stabilized (by -1 eV) relative to the iron-
oxygen bonds. This very important contribution
to the stability of ilmenite relative to hematite is,
of course, not considered in crystal-field theory.
Another con$equence of this difference in elec-
tronic structure has been noted by Gaffney &
Ahrens (1970) who used an electrostatic model
to calculate enthalpies of formation of oxide
minerals. The discrepancy between calculated
and measured enthalpies was much greater lor

oxides containing octahedral Tio+ than Fee+ or
Fe'+, and was attributed to a covalency effect'

Tnn SprNrr, O:<Dgs: CmoMrrE, MecNsttts
AND ULVIJSPINEL

The spinel crystal structure, common to these
three important oxide minerals, is illustrated in
Figure 3. Whereas chrornite is a normal spinel
with nominalty divalent ions (Fe'*) in the te-
trahedral sites and trivalent ions (Cf+) in octa-
hedral sites, i.e., Fe'+(Cf*Cf*)Oo, magnetite is

an inverse spinel, i.e., p"a+1Fe2+Fe3+)Oo' Ltlv6-
spinel is unusual in containing tetravalent ions,
i.a., Fe2+ (Fes+Tio*)Oe.

in addition to the molecular orbital calcula-
tions (using the SCF-& method) already men-

*t:-:=:=:ll
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Frc. 3. The crystal structure of a spinel (AB1O),

tioned" similar calculations have also been
performed for an FeO"& tetrahedral cluster
(Vaughan et al, t974), a CrOee octahedral clus-
ter (Tossell & Vaughan, unpubl.; Tossell t976b),
and an FeOes- cluster (fossell 1978). Using com-
bined data from all of these dalculations. it has
been possible to construct the schematic energy
level diagrams illustrated in Figure 4. Again, the
electrical and magnetic data show that the outer-
most (dominantly metal 3d) electrons are local-
ized on the cations Clable 2).

Chromite ccrnbines the results of tetrahedral
FeOes' cluster and octahedral CrOes- cluster cal-
culations as shcywn in Figure 44. Here, the
FeOe& empty conduction-band orbitals have
metal and oxygen character and the crystal-field
type el orbital is mostly Fe3d. The empty ta I
orbital is also dominantly Fe3d, but with sorne
4p charactero whereas the tzt orbital is equally
oxygen p and Fe3d with some 4p. As in other
systems studied, the orbitals immediately be-
neath these in energy are alrnost totally oxygen
(nonbonding) in character. A similar overall
structure is indicated bv the calculations on
CrOeL. Here, both eu orbiials exhibit appreciable
oxygen as well as chromium character and the
tgg orbitals rather less oxygen character.

Magnetite can be modelled using the results of
cluster calculations on FeOno-, FeOulG and FeOot'
as shown in Figure 4C. The valence region X-ray
and uv photoelectron spectra of magnetite can
be correlated with the results of tlese calcula-
tions (Tossell 1978). The atomic orbital composi-
tions of the molecular orbitals for the octahe-
dral-site ions can be regarded as similar to those

described for hematite and ilmenite. The tetra-
hedrally coordinated Fe'+ is similar to tetrahe-
drally coordinated Fez+ in having the crystal-
field type levels above and separate from the
oxygen nonbonding set and the main FrO
bonding orbitals of the system. Spin-splitting of
the orbitals is not quite so large in Fe'*.

In the case of ulvcispinel, tle FeOolc and
TiOu8- octahedral cluster calculations can again
be used and, combined with the calculation on
FeOau- in tetrahedral coordination, result in the
model shown in Figure 48.

I nterpretation ol prop erties

The optical properties of these three spinel
oxides are shown in the spectral reflectance pro-
files of Figure 5 and the numerical data of Ta-
ble 2. Certain of the 'allowed' transitions de-
scribed for hematite and ilmenite are applicable
to some of the spinel oxides and the additional
transitions have been labelled in Figure 5 and
inserted in Figure 4. Following similar argu-
ments to those used in the discussion of hema-
tite and ilmenite, the reflectance profiles shown
for these minerals can also be interpreted in
terms of electronic structure.

In chromite, which shows the lowest overall
reflectance, the transition chiefly contributing to
the reflectance is the 'spin-allowed' crystal-field
transition in the octahedral Cf+ ions (abelled
(f) in Figures 4.{ and 5) at -530 nm. This also
contributes to the higher reflectance at the
400nm end of the spectrum in this mineral. The
ulvdspinel reflectance profile resembles that of
ilmenite since the same 'allowed' transitions in
octahedral Fe'+ and Tia+ ions contribute to the
higher reflectance values towards either end of
the visible range. Magnetite, showing the high-
est overall reflectance values. has contributions
from oxygen + metal charge-transfer transitions
[(a) and (d) in Figures 4C and 5] and the spin-
allowed crystal-fiel.d transition in octahedral
Fe'3* [(c) in Figures 4C and 5].

Complete Vickers microhardness data are not
available for these three minerals (fable 2) but
available information suggests that chromite is
much harder than the other two spinels. This
correlates with the small unit-cell parameter and
absence of electrons in the eg orbital levels in
the octahedral sites. On the basis of the cell
parameter data (Iable 2), the e" I electron of
octahedral Fe2+ and tg I electron of tetrahedral
Fez+, ulvtispinel is predicted to be the softest of
tlese three spinel phases (i.e., VHN I 530).

Thermochemisal data are also incomplete for
these three spinels (Iable 2) but chromite prob-
ably has a s,ignificantly greater value for AG'zes
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Frc. 5. Spectral reflectivity data in the visible light range for chromite, ulviispinel and magnetite. Arrows
indicale energies of tle major electronic transitions.

than magnetite. In terms of crystal-field theory,
these data could be interpreted as due to the
considerable stabilization of Cr'+ in octahedral
sites. The MO model (Fig. 4A) suggests that th.is
may be partly compensated for by lesser stabili-
zation of metal-oxygen bonding interactions than
in octahedrally coordinated Fe'+, Fee* or Tia+.
Although ulviispinel (Fig.  B) has an additional
e I electron which is antibonding in character,
the metal-oxygen bonding orbitals are all stabi-
lized relative to those in magnetite so that the
value of AGozse rn&Y well be greater than that of
magnetite.

WiisrrrB. Rurrr,s AND EsKoLArrE

The binary oxides wiistite, rutile and eskolaite,
although not of equal petrological importance,
complete this discussion of the electronic struc-
tures of oxide minerals. The crystal structures
of wi.istite and rutile (fable 2) are distinct from
the other minerals considered; eskolaite, like
hematite, has the corundum structure.

The electronic structures of these three min-
erals can be described with energy-level diagrams
constructed from molecular orbital calculations
which have already been discussed (i.e., FeOe'',
TiOo&, CrOes). The diagrams are illustrated in
Figure 6 and the molecular orbital compositions
in terms of atomic orbital contributions are as
already outlined.

Intelpretation of properties

Spectral reflectance data are shown for rutile
and eskolaite in Figure 7. A number of the elec-

tronic transitions outlined in the discussion of
the ilmenite and chromite spectra are invoked to
interpret these data. The higher reflectance of
rutile at the 400nm end of the spectrum is at-
tributed to the oxygen + metal charge-transfer
transition labelled (b), whereas in eskolaite, both
the spin-allowed t2s + es transition (0 and the
tss+ conduction-band transition (g) contribute
to increased reflectance towards 400nm. The
energy of transition (0 is probably slightly un'
derestimated and may be at a rather shorter
wavelengttr.

Vickers hardness data, also available only for
rutile and eskolaite, indicate that eskolaite is
much harder. It is also the most stable of the
three oxides, with the largest negative free ener-
gy of formation. Thus, the contribution to bond
strength of the three tsgt electrons is consider-
able and outweighs the slight destabilization of
the M4 bonding orbital band relative to TiO:.
In FeO, the least stable and probably the softest
of the three oxides, the destabilizing effect of the
tee I electron is not offset by any gain in M-O
bonding orbital energies. From the complex and
incomplete data on the electrical properties of
these 6inary oxides it may be noted that "pur9"
rutile has an extremely high resistivity (-197
ohm-m; Shuey 1975), as would be expected from
the large separation of occupied and unoccupied
orbitals.

Drscussror.I

Quantitative 
ooone-electron" models of the

elecironic structures of the major transition'
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metal oxide minerals have been presented and
correlated with the properties of these minerals.

Wmlcngrh A. (rol

Frc. 7. Spectral reflectivity data in the visible light
range for rutile and eskolaite. Arrows indicate
energies of the major electronic transitions.

I  tM-Oont ibond ingorb i to l  bond
EmPrY L- - - - - l  (Conducr ing  bond)

Jt-px

The models represent a quantification of the
type of MO/band theory approach used by
Goodenough (1963, L97l) and are currently the
most satisfactory simplified approach to an un-
derstand,ing of these complex materials.

Further calculations and spectroscopic mea-
surements will enable refinement of these models.
Also, calculations at reduced internuclear dis-
tances will permit assessment of the effects
of pressure on electronic structure, and hence,
properties. Such studies of iron-oxygen clusters
(fossell 1976a) indicate large changes in bond
character for compressed iron oxides.
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