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Excitations of the oxygen 1s subshell in selected 3d transition-metal oxides have been
studied by inelastic scattering of 75-keV electrons. Striking variations in the near-edge
fine structure are reported and an interpretation is developed based on an empirical
molecular orbital energy-level model. We compare our observed fine structure with that
evinced in the metal K and L; edges in these same oxides. While the molecular-orbital
model seems adequate for interpreting the spectra of TiO,, it fails for at least some of the
oxides studied. For example, in the case of NiO, a self-consistent Hartree-Fock computa-
tion for the oxygen 1s excitation spectrum gives results showing that the near-edge struc-
ture is not adequately described by the unoccupied density of states of the solid before
core-hole excitation. Instead, the initial spectral peaks are shown to be core excitons.
However, for TiO,, a tight-binding extended Hiickel calculation neglecting the core hole
yields a density of states that displays peaks in good agreement with the experimental
data. Speculations on the origin of the difference between the spectra of NiO and TiO,
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Oxygen K near-edge fine structure: An electron-energy-loss investigation with comparisons

are offered.

I. INTRODUCTION

While much progress has been made in inter-
preting the weak fine-structure oscillations extend-
ing to several hundred eV past x-ray absorption! >
or electron-energy-loss®’ core edges, the stronger
intensity variations occurring within the first ~30
eV above onset are less well understood. The ex-
tended x-ray absorption fine structure (EXAFS)
has been shown by Stern and co-workers! ~* to be
directly related to the atomic radial distribution
function around the excited atom. EXAFS
analysis has become a standard structural probe for
complex biological and other systems. By contrast,
interpretation of the near-edge absorption fine
structure of compounds has been largely qualitative
and often lacking theoretical support. Recently,
molecular cluster calculations have achieved some
success in predicting K-edge structure in various
gases.>® The observed near-edge features have
been shown to be related to the unoccupied elec-
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tronic molecular-energy levels as modified by the
creation of a core hole. In condensed matter addi-
tional band, excitonic, and magnetic effects can
come into play, and calculations for core edges in
nonmetallic solids are virtually nonexistent.

The 3d transition-metal oxides display striking
magnetic and electronic properties of technological
utility and the interpretation of their near-edge
structure therefore presents an interesting and im-
portant problem. In this study, we (L.A.G. and
R.D.L.) report gross variations in the oxygen K
near-edge structure between various 3d transition-
metal oxides as measured by electron-energy-loss
spectroscopy (EELS). We then present an initial
interpretation of the data based upon an empirical
symmetry-determined molecular-orbital (MO) pic-
ture using a comparison of the near-edge structure
found on the metal K and L edges in these same
oxides. Finding this approach to be in some cases
inadequate, we then turn to band calculations. A
tight-binding extended Hiickel band structure for
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TiO, is computed (C.N.W. and R.H.) and shows
essential agreement with the molecular-orbital in-
terpretation of the data. Further, the band gap be-
tween the valence and conduction bands and also
the peak separations in the conduction-band densi-
ty of states agree well with experiment. However,
this calculation omits excitonic and magnetic ef-
fects. While TiO, is nonmagnetic, NiO is an anti-
ferromagnet and hence presents a much more diffi-
cult problem. Accordingly, tight-binding calcula-
tions are of little use in predicting the core-
excitation spectra. An ab initio spin-polarized cal-
culation has been completed for the band structure
of antiferromagnetic NiO (A.B.K.), and the corre-
sponding single-electron oxygen K-edge transition
probability calculated with neglect of core-hole ef-
fects. However, the allowed core exciton series has
been computed so that the combined band and ex-
citon results can be compared with the observed
oxygen K-edge fine structure. We find our prior
assumption that the near-edge structure is related
to the unoccupied density of states of the initial
solid (before core-hole excitation) to be invalid.
Rather, the threshold spectral peaks are shown to
be core excitons. The presence of excitons explains
the lack of correlation between the peaks of the
near-edge structure for different atoms in the same

solid. |
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where €, a unit vector in the direction of g, plays
the role of the electric-field-polarization vector €
in the case of x-ray absorption. Within the small
scattering angle approximation, which requires the
momentum transfer ¢ <<r;”', where r. is the core
orbital radius, the matrix element in Eq. (3) can be
reduced to (/| €,7 | ) and the quadrupole and
higher-order terms can be neglected.'? The dif-
ferential cross section is then of the same form as
that in Eq. (1) so in this limit we expect a com-
plete correspondence between energy-loss and pho-
toabsorption data, as is well known (e.g., Ref. 13).

The measured core-edge intensity may be decom-
posed into the product of a matrix element factor
P(E) and a projected density of states N (E) with
appropriate symmetry '+ 15

I(E)<P(E)N(E) . 4)

Therefore, the fine structure near the core-edge on-
set is expected to reflect the unoccupied density of
states in the conduction band only if the matrix-
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Before proceeding to the experimental results, we
must first explain the electronic transition proba-
bilities whose variations give rise to the EELS and
x-ray absorption spectra (XAS). In the case of
XAS, dipole selection rules apply (A /=+1); for ex-
citation of the oxygen K (1s) level, the final state
must have p symmetry. The photoabsorption cross
section is written within the single-electron model
and the first Born approximation in terms of a di-
pole matrix element between an initial core state
|i) and final state | f) as'”

4rr%e?

Taps(E)= #ic
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where E is the photon energy and € is a unit vec-
tor in the direction of the electric field. The cross
section for inelastic electron scattering in a transi-
tion between two similar states is given by'!
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where  is the momentum transfer, E is the energy
transfer, and v is the incident electron velocity.
Equation (2) can be expanded as

Pt i) ]2, 3)

[

element factor is slowly varying in that energy re-
gion. Calculations for the K and L edges in the 3d
transition metals indicate that this is indeed the
case.!>16

II. EXPERIMENTAL
A. Instrumentation

The experimental system for recording the spec-
tra has been described previously.!” This consists
of an HU11A transmission electron microscope
combined with a retarding field Wien filter spec-
trometer. The electron microscope is used in the
selected area diffraction mode to form a 4-um
probe of 75-keV electrons on the specimen with a
beam convergence of less than 1073 rad. An en-
trance slit to the Wien filter spectrometer selects
electrons according to their scattering angle and
the spectrometer disperses them in a direction per-
pendicular to the slit. Spectra are recorded by
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scanning the energy-loss intensity across an aper-
tured scintillator and by counting the single pulses
derived from a photomultiplier. In the present ex-
periments the aperture subtends a scattering angle
of approximately +2 mrad corresponding to
momentum transfers up to 0.3 A~! for which the
dipole approximation (above) holds. Digital scans
of 0—200 eV are controlled by a microcomputer
which also stores the spectrum.'®!® After acquisi-
tion, the data is uploaded to a PDP11/20 computer
for processing. Since the spectrometer has a reso-
lution of '<0.1 eV, the energy resolution of the
measured spectra (1 or 2 eV) is determined mainly
by the thermal spread of the incident beam. Abso-
lute measurement of the energy losses is accurate
to about 0.5 eV.

B. Samples

Thin polycrystalline metallic films were first
prepared by electron-beam evaporation in an ion-
pumped high-vacuum system at a base pressure of
about 2% 10~8 Torr. Film thicknesses of 15-nm ti-
tanium, 15-nm chromium, 26-nm iron, 9-nm nick-
el, and 24-nm copper were measured using a
quartz-crystal thickness monitor situated near the
substrate, which was the (100) face of a cleaved
rock-salt crystal. All the metal films obtained in
this way were polycrystalline with a grain size be-
tween 5 and 100 nm. They were floated off in
ethanol and supported on 3-mm-diam copper grids
(400 mesh per inch). Oxide films were then
prepared by taking metal films already supported
on grids and heating them in air. The oxides were
characterized by means of electron diffraction and
imaging in the microscope before data collection.
The polycrystalline ring diffraction patterns were
matched to the d spacings as given by the x-ray
Powder Diffraction File,2° enabling us to determine
the oxidation state of the films. In each case the
diffraction patterns contained only those rings ex-
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FIG. 1. OK-shell excitation edges measured by EELS
for selected 3d transition-metal oxides.

pected from one oxide; no evidence for residual
metal or different oxidation states was found.
Grain sizes for the oxides of 100 to 1000 nm were
larger than for the metal films prior to oxidation.

TABLE I. Energy-loss values for the O K-edge onset (a) and near-edge fine structure

(peaks b —e) shown in Fig. 1.

Material a b b’ c d e
TiO, 530.0 531.0 5335 539.5 543.5 554.0
Cr,0; 531.0 532.5 534.5 539.0 543.5

FeO 529.0 530.0 536.0 539.0

NiO 531.0 532.5 - 5375 540.5 547.0
CuO 529.0 530.0 535.0 539.0 544.0
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C. Results

Oxygen K (O K) edges were recorded by elec-
tron-energy-loss spectroscopy in transmission at
small scattering angles so that the dipole approxi-
mation (above) holds. Figure 1 presents the experi-
mental results for TiO,, Cr,0;, FeO, NiO, and
CuO recorded with a resolution of ~ 1% eV. The
background has been subtracted off by fitting to an
inverse power law AE ~" where E is the transmitted
electron energy loss. Chemical shifts in the energy
at onset (@) and differences in fine-structure peaks
(b —e) are clearly visible; the various energies a —e
are listed in Table I. Charge transfer from the
metal to oxygen atoms, along with excitonic effects
and variations in the width of the band gap, are all
expected to influence the threshold energy. Core
excitons and maxima in the unoccupied p density
of states (DOS) contribute to the multipeaked
structure which is characteristic of the oxide. This
structure varies between the oxides shown despite
the fact that in all cases the metal atom is octahe-
drally coordinated to its six nearest-neighbor oxy-
gens, and hence the local arrangement of atoms is
quite similar. We note that these fine-structure
peaks must be characteristic of the solid since
atomic effects are unimportant. (The K-shell pho-
toionization cross section in atomic oxygen shows
only a sharp rise at onset followed by a long decay-
ing tail.?!)

A trend visible in the spectra is a narrowing of
the combined width of the initial peaks (b,b’) as
we go across the 3d period from TiO, to CuO. We
have observed this same decreasing trend in the
metal L; spectra of these oxides and have dis-
cussed this effect in terms of the filling of the met-
al 3d bands with increasing atomic number.?? In a
molecular-orbital picture, the d orbitals from the
metal atoms mix with the p orbitals from the oxy-
gen atoms. Hence, 1s—p transitions (O K edge)
might be expected to reflect to some extent the d
density of states around the metal atoms as mea-

TABLE II. Measured full widths at half maximum
(FWHM) in eV corrected for finite experimental energy
resolution.

OK (b,b") Metal L ; peak
Material FWHM FWHM
TiO, 5.6+0.3 4.04+0.3
CI'203 33 3.2
FeO 3.1 32
NiO 2.9 1.2
CuO 2.6 1.3

sured by the L ,; edges. Table II shows these two
sets of measured widths, after correction for the
finite experimental energy resolution of the spectra
(corrected width=[(measured width)*-(energy reso-
lution)?]'/?). These values support in part the in-
terpretation that this decreasing trend in the com-
bined width of the oxide peaks (b,b’) is also a
manifestation of the metal d-band filling, and we
shall discuss this later.

The 3d transition-metal oxide O K edges have
been previously measured by various experimental
techniques and we find the available data to be
consistent with ours. Fischer has measured O K
edges in TiO, (Ref. 23) and Cr,0; (Ref. 24) by us-
ing two x-ray emission spectra obtained with dif-
ferent incident x-ray energy beams. Since the more
energetic beam penetrates deeper into the sample,
the logarithm of the ratio of these two emission
spectra yields a “self-absorption” spectrum which
should be equivalent to an x-ray absorption experi-
ment. Fischer’s spectra extend only to the energy
region (first ~5 eV) where the emission and ab-
sorption spectra overlap. He observes our peaks b
and b’ in both TiO, and Cr,0;, although his inten-
sities differ from ours. This is not surprising,
however, since self-absorption is not a direct-
measurement technique and is probably nonlinear
in intensity.

The OK edge in NiO has been recorded by
measuring the total electron yield from a NiO film
while it is bombarded by a monochromated syn-
chrotron x-radiation beam by Stohr et al.?® This
“total electron yield spectroscopy” also is expected
to be equivalent to an x-ray absorption measure-
ment. Since practical problems are encountered in
monochromating synchroton radiation in this ener-
gy range (~500 eV), the energy resolution of the
data cited is only ~5 eV. Hence our peaks b —e
are blurred in their spectrum into one broad peak
with two small shoulders at energies corresponding
to our peaks b and e. These authors were more
concerned with an EXAFS analysis which requires
good counting statistics rather than high-energy
resolution. The radial distribution function which
they obtain by Fourier transforming their data
agrees well with the result we have obtained from
a more extended energy-loss O K spectrum.®

3d transition-metal-oxide O K edges have also
been reported by several authors using appearance
potential spectroscopy (APS). In this method, the
total x-radiation emitted by the sample is measured
as a function of the energy of the bombarding elec-
tron beam. A small increase in x-ray emission is
observed when the incident electron energy reaches
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a core electron ionization threshold. Because the
incident and excited core electrons both make tran-
sitions to states near the Fermi level, and because a
derivative signal is recorded, the APS spectral in-
tensity is proportional to the derivative of the self-
convolution of the final density of states. Howev-
er, these spectra can closely resemble the DOS it-
self, as illustrated by Nagel et al.?® Since the in-
cident electron energy for the APS measurement of
the OK level is only ~500 eV, the bombarding
beam penetrates only to <20 ;\, and hence APS is
essentially a surface probe. It is therefore some-
what surprising and interesting that APS results
from oxidized surfaces of Ti, Cr, Fe, and Ni (Refs.
27—29) all display fine structure closely resem-
bling that of our EELS transmission spectra
through ~200-A films, which should show mainly
the effects of the bulk component of the DOS.

In summary, previous O K fine-structure mea-
surements are consistent with our EELS results, al-
though the various nonlinearities resulting from
the indirect experimental procedures employed pro-
duce some variation in the spectral shapes and
peak intensities.

III. DISCUSSION AND THEORY

A. Molecular-orbital picture

Previous attempts to interpret the core near-edge
fine structure in the 3d transition-metal oxides
have invoked a symmetry-determined molecular-
orbital model for a cluster consisting of a metal
atom surrounded by its oxygen nearest neighbors.
In the oxides whose spectra are shown in Fig. 1,
each metal atom is octahedrally coordinated to its
six nearest-neighbor oxygen atoms (four in the
basal plane and one each above and below). By
considering the symmetry of the metal-ligand
atomic-orbital pairings, a molecular-orbital
energy-level hierarchy is deduced. Figure 2
shows>® such an energy-level diagram with valence
electron occupancies for the (TiOg)®~ cluster
representing the environment around Ti in TiO,.
The level spacings are as yet unknown, since sym-
metry considerations cannot yield quantitative en-
ergies. This same level hierarchy also applies to
the octahedral metal-oxygen clusters found in the
rest of the oxides listed in Table I, the only differ-
ence being the increase in the number of filled or-
bitals as the metal-ion atomic number increases.

In the case of TiO,, we see that the 48 valence
electrons completely fill the 7 and o bonding orbi-
tals containing mostly oxygen 2p character, leaving

Molecular
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FIG. 2. MO energy-level diagram for (TiOg)®*",
representing the environment around Ti in TiO, (Ref.
30).

unfilled the antibonding orbitals 27,,(d ,+) and
3eg(d 5+) containing mostly Ti d character.
(Sketches of these two sets of orbitals appear in
Fig. 7.) Accepting this picture, one can now mea-
sure the energy-level spacings directly from the
near-edge fine structure on the various core edges.
Invoking the dipole approximation A/=+1 (see
above) appropriate to XAS or EELS at small an-
gles, we consider the O K (1s—p states around O
atom), TiK (1s—p states around Ti atom), and
TiL 3 (2p;,,—mostly d states around Ti atom)
core excitations. These three edges are shown in
Fig. 3 for the case of TiO,. The TiK x-ray ab-
sorption and emission data (positive and negative
energies, respectively) are taken from Ref. 30.

[While the OK (530 eV) and TiL ; (459 eV) edges
lie at energies conveniently measured by EELS, the
decrease of the electron cross section with energy
loss makes x-ray absorption a superior measure-
ment technique for the TiK edge at 4964 eV.] As
is apparent from Fig. 3, the spacings of the first
two peaks in all three edges are identical. This ob-
servation supports the interpretation that the final
states in all three transitions are in fact the same,
namely, the 2¢,, and 3e, antibonding orbitals.
Since these two orbitals are combinations of the Ti
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3d orbitals and O 2p orbitals probed by the TiL »;
and OK edge, respectively, we expect the strong
transition strengths observed, while the relative
weakness of the peaks in the TiK edge is explained
by the absence of p character in these molecular
orbitals near the metal atom.

In Fig. 3, the TiL ;-edge fine structure is ob-
scured from 6 eV above onset by the TiL , edge,
which also displays the 2¢,, —3e, final-state split-
ting. Further fine structure past the TiK and OK
edges is attributed to transitions to higher levels,
although the alignment of these peaks is less obvi-
ous.

In TiO, and Cr,03, both the 2¢,, and 3e, levels
are expected to be at least partially unoccupied,
while in FeO, NiO, and CuO only the 3e, level
remains unfilled. Consistent with this molecular
orbital picture, the initial peak is split into two
components, b and b’ in TiO, and Cr,0; OK edges
(Fig. 1), while only one peak (b) is visible in FeO,
NiO, and CuO, narrowing in width as we go across
the period as expected from the filling of the 3e,-
band broadened level.

The technique just illustrated for TiO, of using
multiple x-ray absorption edges and aligning them
with each other to produce an empirical set of
molecular-orbital energy-level spacings is due to
Fischer, who applied it to numerous Ti, V, and Cr
oxides including TiO, (Ref. 23) and Cr,0;.* In
Table III(a) we compare our empirical MO
energy-level spacings with those of Fischer?® (de-
duced by lining up three absorption edges as in
Fig. 3) and of Tsutsumi et al.3° (deduced from the
TiK edge shown in Fig. 3). These authors disagree
over the assignment of the third and fourth peaks
above onset. Tsutsumi argues that the transition
Ti—1s—3a, is dipole forbidden and therefore
should not appear in his Ti K absorption spectrum.
Hence he assigns the third and fourth spectral
peaks as transitions to the 4¢;, and 5¢,, levels.
However, the appearance of the third peak (c) in
our OK data in which the transition to 3a,, is di-
pole allowed at the same relative energy as the
third peak in the TiK data tends to support
Fischer’s assignment scheme, which we adopt in
Table I1I(a).

Using self-absorption, Fischer was able to mea-

sure only the first ~5 eV of the TiL ; and OK
edges (see above). Hence only the 2¢,; and 3e,
peaks appear in these two spectra and also in the
more extended Ti K-edge data of Albrecht et al.’!
which Fischer analyzed. Our extended O K-edge
spectrum yields a relative 3a;, energy in good
agreement with both Fischer’s and Tsutsumi’s

Ti K-edge peak energies, while our 4¢,, level is at a
lower energy than either the weak shoulder (13.3
eV) or the more pronounced hump (15.3 eV) which
are evinced in Tsutsumi’s Ti K edge (Fig. 3).

Table ITII(b) compares our MO spacings for
Cr,0; with Fischer’s. Again, only the initial 2¢,,
and 3e, peaks appear in Fisher’s OK and metal-L,
spectra, while the 3a,, and 4¢,, assignments are
deduced solely from a Cr K-edge measurement by
Menshikov et al.’? The agreement between our
two sets of results is not as close as for TiO,.

The molecular-orbital model for the metal-plus-
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TABLE III. Comparison of empirical energies in eV of the unoccupied MQ’s relative to
the lowest unfilled (21,,) level for TiO, (a) and Cr,O; (b) as deduced from core-edge peak

spacings.
(a)
2t2§ 3eg 3a 1g 4tlu
TiO, Present study 0 2.5 8.5 12.5
Fischer (Ref. 23) 0 2.1 8.4 15.8
Tsutsumi et al. 0 3.0 8.8 13.3
(Ref. 30) 15.5
(b)
2t28 383 3a 1g 4tlu
Cr,0; Present study 0 2.0 6.5 11.0
Fischer (Ref. 24) 0 2.6 9.0 15.0.

oxygen nearest-neighbors cluster discussed above
has been invoked by numerous authors (e.g., Refs.
33—36) for interpreting metal — K-edge absorption
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FIG. 4. Attempted alignment of fine-structure peaks
in the same three core edges for CuO. (Fine structure
above the Cu L ,; edge is obscured above 20 eV by L ,-
edge onset.) Lack of agreement signals the failure of
the MO picture for interpreting these spectra.

spectra of various 3d transition-metal oxides.
However, since only the metal K edge is measured,
no multiple core-edge self-consistency check of the
kind illustrated in Fig. 3 is ever applied. This ap-
parent oversight may be due to the relative diffi-
culty of obtaining x-ray absorption spectra in the
vacuum ultraviolet energy region (450—950 eV)
where the metal L3 and OK edges lie. Synchro-
tron radiation monochromators in this spectral re-
gion are still in the development stage.> Also,
preparation of uniform specimens with an opti-
mized thickness of t=1/u ~few tenths of a micron
is also a problem, and we have discussed both these
topics elsewhere.?? In any case, when we compare
the OK, metal K (Ref. 37), and metal L; (Ref. 22)
fine structures in the rest of the oxides listed in
Table I, we find three distinct sets of fine-structure
peaks whose spacings do not match at all. This is
illustrated for the case of CuO in Fig. 4. The in-
tense L3 peak shown in the top curve represents
transitions to states of high d density around the
Cu atom,? and as for the case of TiO,, we line
this peak up with the first fine-structure peaks in
the OK edge (transition to p DOS around O atom,
see Fig. 2), and in the CuK edge (transitions to p
DOS around Cu atom). As is evident from Fig. 4,
the dashed lines drawn through the O K peaks
cleanly miss the marked secondary maxima in the
CuL; edge, while the match to the small bumps in
the CuK x-ray edge is unconvincing. Nor does
realigning the three edges in a different scheme im-
prove things. We conclude that something is fun-
damentally wrong with the simple MO model for
interpreting these spectra which seemed to work so
well in the case of TiO,.



7164 GRUNES, LEAPMAN, WILKER, HOFFMANN, AND KUNZ 25

What has been neglected? To begin, with the ex-
ception of TiO,, all the oxides considered herein
are antiferromagnetic insulators. Spin interactions
associated with the electron configurations includ-
ing the core hole can cause magnetic energy-level
splittings of comparable magnitude to the ligand-
field splittings assumed in the above MO picture.’®
Further, in insulators, insufficient screening of the
core hole can give rise to excitonic effects, some-
times creating additional spectral peaks at energies
below the onset of single-electron transitions.*® It
is not possible to deduce solely from experimental
data how such effects would modify core-edge fine
structure derived from densities of states with dif-
ferent symmetries.

To date, all interpretation of our core-edge spec-
tra has been empirically based on a symmetry-
determined model without the aid of calculation.
This model has been shown to be clearly inade-
quate in at least some cases. In order to better
understand our observed core-edge fine structure,
we must consider more rigorous theoretical ap-
proaches. Two examples will be illustrated in the
following sections. First, a nonmagnetic extended
Hiickel tight-binding band calculated for TiO, is
undertaken (C.N.W. and R.H.) and a density of
states calculated for comparison to the core-edge
data. As expected, the calculation produces a
broadened version of the MO picture. The neglect
of the core hole is apparently justified by the good
match between the DOS peaks and the experimen-
tal fine structure. Next we turn to a spin-polarized
unrestricted Hartree-Fock band-structure computa-
tion for NiO (A.B.K.). In addition to a calculation
of the O K-edge single-electron transition spectrum
(core hole neglected), a cluster calculation of the al-
lowed core exciton series is described. The initial
peaks in the OK spectrum of NiO are identified as
excitons, and their energies accurately predicted.

B. Band calculation for TiO,
1. Method

The extended Hiickel tight-binding method* is
used to calculate the band structure for rutile TiO,.
After a brief outline of the general method (Sec.
III B 1), we apply it to the case of TiO, to derive a
band structure and DOS (Sec. III B2) which we
then compare to experiment (Sec. III B 3).

Given a set of atomic basis orbitals (Y ,) for the
atoms of _Ehe unit cell, the set of Bloch basis orbi-
tals [b,(k)] is formed:

TR (F-R), ®)

Ty_n—172
b,(k)=N ; e
where K is the wave vector, and the summation
over [ indicates a sum over direct lattice vectors.
The tight-binding method involves an eigenvalue
equation:

H(K)C(K)=S(K)C(K)e(K) , 6)
where

H,\(K)=(b,(K) | H | b,(K)) (7)
and

Syl K)=(b,(K) [ b,(K)) . (8)

In the extended Hiickel method the matrix ele-
ments of H are assumed to be

Hn—K—Sl(H"-{-H' ) 9
ij— 2 ii jj’

where H; is the orbital energy of the ith orbital,
S;; is the overlap between the ith and jth orbital,
and K is a constant of parametrization.*!

The solution of the eigenvalue problem, Eq. (6),
yields the LCAO (linear combination of atomic or-
bitals) crystal orbitals [¢,(k)],

Yu(K)= 3 C,n(K)b,(K) (10)
n

and eigenvalues [€,(K)]. The band structure is
then determined by repeating the above calculation
for various values of k.

Differentiating the eigenvalue equation and ap-
plying the normalization condition yields an ex-
pression for the K gradients*2—%:

aen(E) 1— - -—> -
of =C,(k)D(k)C,(k), (1n

where

D, (K)=i 3 (¢ ¥ K[H, (R)—€,(K)S,,(R)K .
X
(12)

The bands are then plotted using the calculated set
of energy eigenvalues and gradients. Interpolation
between k points is carried out using the method
of Kertész and Hughbanks.** Both the band ener-
gies and the DOS histogram are obtained from this
interpolant.
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FIG. 5. Unit cell of the rutile form of TiO,
(@a=b=4.5929 A, c=2.9591 A).

Ti O

2. Crystal and band orbitals for TiO,

The rutile form of TiO, crystallizes in a tetrago-
nal lattice belonging to the space group P4,
The atoms of the unit cell are shown in Fig. 5; the
local environment of the Ti and O atoms are
shown in Fig. 6. The oxygen atoms are seen to be
arranged in a distorted octahedron around the ti-
tanium atom. The D,, distortion from perpendic-
ular bond angles and equal bond distances is rela-
tively insignificant; our cluster calculations for
(TiO,)®~ show that the distorted orbital energies
never vary from the undistorted energies by more
than 0.1 eV. Hence the assumption of perfect oc-
tahedral coordination of the Ti atom used in Sec.
III A to generate the empirical molecular-orbital

yz
FIG. 7. MO’s of TiO¢®~. The t,, orbitals are metal-oxygen 7 antibonding and lower in energy than the e, orbitals
which are metal-oxygen o antibonding.
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FIG. 6. Local environment (nearest neighbors) of Ti
and O in the extended structure of TiO,. In (a) the four
equatorial oxygens lie in a plane perpendicular to the
two axial oxygens. In (b) all atoms lie in the same
plane.

energy-level diagram shown in Fig. 2 appears
reasonable. For convenience, we shall retain these
octahedral symmetry labels to describe the orbitals
in the rutile structure. _

In order to estimate the relative charge densities
of the various orbitals at the Ti or O atoms, a
molecular-orbital calculation was performed on
(TiOg)®~ in a perfect octahedral geometry, using
the valence orbitals (Ti 3d, 4s, 4p; O 2s, 2p). The
resulting molecular orbitals segregate into five
groups as expected from simple ligand-field argu-
ments (see Fig. 2). Lowest in energy are the six O
2s bonding orbitals containing only 8 —13 % Ti

x2-y2



7166

probability density.*® Next the 18 O 2p orbitals
segregate into six O,, orbitals, whose density lobes
point toward the metal, and 12 O,, orbitals whose
lobes point perpendicular. These 18 orbitals are
bonding between the O (80— 100 %) and the Ti
(0—20 %). Higher in energy are the metal d orbi-
tals which are antibonding with the oxygens.
These are mainly metal (~80%) and are labeled
“t3¢” ( antibonding) and “e,” (o antibonding)
(Fig. 7). The metal s and p orbitals (~90% metal)
are very high in energy and are all unoccupied.
The orbitals of Ti in solid TiO, have similar
bonding characteristics to those of the TiOg .
There are two Ti and four O gtoms per unit cell.
The metal d-band orbitals at k =0 for solid TiO,
are shown in Fig. 8. Orbitals 17—22 are com-
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posed of metal d orbitals which point between the
oxygen atoms and are therefore ¢,, derived. Orbi-
tals 23—26 are composed of those metal d orbitals
which point toward the oxygen atoms and are
therefore e, derived. Comparing these crystal orbi-
tals (Fig. 8) with the molecular orbitals (Fig. 7) we
see that the ¢, orbitals 17 and 18 are metal —metal
bonding and antibonding linear combinations of
the d,, and dx2_y2 orbitals, 19 and 22 are like com-
binations of dz2_y2’ and 20 and 21 are like com-
binations of d,, and d,,. For the ¢, orbitals, 23
and 24 are linear combinations of the metal —metal
orbitals d,, and d,;, which are orthogonal to the
1y, orbitals above, while 25 and 26 are like com-
binations of the d,, and dx2—y2 orbitals.

The Brillouin zone of tetragonal TiO, is shown

20

@5'_@_-7

25

21

;.@_(a_@_

§—o—

26

FIG. 8. Band orbitals of TiO, at k=0. The orbitals again separate into ¢,, and e, groups.
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FIG. 9. Brillouin zone for a primitive tetragonal lat-
tice (appropriate for the rutile TiO, structure).

in Fig. 9 and the calculated bands and DOS are
shown in Fig. 10,*” in which the energy-scale zero
is arbitrary. The summation over direct lattice
vectors in Eq. (5) was truncated by neglecting the
matrix elements for atoms separated by more than
7.48 A. Hence three shells of Ti-Ti interactions
were included in the calculation. Since this calcu-
lation also includes only the valence orbitals, the
resulting band structure again separates into five
bands. Lowest in energy is a narrow band (~ —33
eV) not shown, composed mainly of the oxygen 2s
(>90% O). Next up in energy (~—16¢eV)isa
band corresponding to the filled O,, (2¢;,) and O,
(3t,,) orbitals (70— 100 % O; 0—30 % Ti depend-
ing on the specific band energy and k point
evaluated) and the two shaded peaks in the DOS
(Fig. 10) may be thought of as a broadened over-
lapping version of the corresponding molecular-
orbital levels (Fig. 2). The middle band in Fig. 10
(~ —10 eV) corresponds to the Ti d_« (t5,) orbitals
(55—95 % Ti; 5—45 % O), while the highest band
corresponds to the Ti d « (e;) orbitals (plus signifi-
cant amounts of Ti 4s character) (60—70 % Ti;
30—40% O). These last two bands are unoccu-
pied, the Fermi level residing in the center of the
band gap between the valence (shaded DOS) and
conduction bands.

3. Comparison to experiment

We turn now to a comparison of theory with ex-
periment. The band DOS has been redrawn at the
top of Fig. 3 and aligned to the various
symmetry-edge data from which the MO level
spacings were deduced (Sec. II). Since the theoreti-
cal energies are not absolute, we compare only the
energy spacings of the DOS with those of the re-
lated spectral peaks.

The calculated splitting of the occupied O,, and
O,, DOS maxima of 1.1 eV is a bit smaller than
the experimental value (~ 1.7 eV) as determined
from Tsutsumi’s Ti K x-ray emission spectrum®
also shown in Fig. 3. Hence the dashed lines run-
ning through the two x-ray peaks at ~ —6 and
~ —8 eV straddle the O,, and O,, peaks in the
DOS curve.

For the purpose of comparison, the band gap be-
tween the valence O,, and conduction Tid .+ bands
is not drawn to scale. However, our theoretical
value of 2.8 eV agrees reasonably well with various
measured values®® (3.0—3.3 eV) for the band gap.
The calculated splitting of the Tid,+ and Tid,«
band DOS maxima of 3.8 eV is a bit wider than
the experimental peak spacings interpreted as being
the 2¢,; —3e, molecular-orbital-level splitting
[Table ITI(a)]. We measure a spacing of 2.5 eV
from our EELS TiL ; and OK data, while
Tsutsumi’s TiK-edge data show a splitting of ~3
eV. (An earlier measurement by Fischer?® of 2.1
€V is also smaller than the calculated band DOS
splitting.) The dashed lines drawn through the two
lowest-energy EELS peaks (Fig. 3) thus fall inside
the calculated DOS maxima, although the agree-
ment is close enough for us to state with confi-
dence that the spectral features observed are indeed
caused by this final-state ligand-field splitting.*’
Further confirmation of this interpretation comes
from a more extensive augmented plane-wave
(APW) calculation by Mattheiss® for RuO, show-
ing two peaks in the unfilled p-projected DOS
spaced by 3.4 eV. If this separation is scaled by
the ratio of the RuO, (6.1 eV) to TiO, (4.6 eV) d
bandwidths, then it suggests a spectral peak separa-
tion of 2.6 eV (Ref. 50) close to our measured
EELS value of 2.5 eV.

The extended Hiickel method does not include
spin. Rather, the energy levels are calculated, and
each is filled by two electrons (spin up and down).
For nonmagnetic systems such as TiO,, this is not
a severe restriction. However, when we attempt to
apply this same technique to the antiferromagnet
NiO, metallic behavior due to a partially filled 3d
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FIG. 10. Extended Hiickel band structure and density of states for TiO,.

band is erroneously predicted, and the calculated
DOS bears no relation to data from any of the ex-
perimental probes of the occupied or unoccupied
bands. Further, no account is taken of the un-
screened core hole created in XAS or EELS, an ef-
fect which can produce gross changes in the spec-
trum at threshold. We conclude that more sophis-
ticated calculations are required and this is illus-
trated for the case of NiO in the following section.

C. NiO calculation

The partially filled 3d bands found in Cr,0;,
FeO, NiO, and CuO (and many other 3d transition
metal oxides) give rise to magnetic effects. We
consider here the case of NiO, which has a Néel
temperature of about 525 K, below which it is an
antiferromagnet.’! On the basis of elementary
band theory, one would expect NiO to exhibit me-
tallic behavior, since only eight out of ten d orbi-

tals are filled. Instead, it is strongly insulating,
with a measured band gap of ~4 eV.’? Previous
ab initio band calculations for NiO**—3¢ have
failed to predict the wide-gap insulating and mag-
netic properties observed. A new calculation for
the electonic structure of NiO has been completed
(A.B.K.) which gives reasonable agreement with
photoemission probes of the occupied levels, and
this has been described in detail elsewhere.’”"’® We
present here a brief synopsis of the method and
also a comparison of theory to the EELS data
presented above.

First we define the physics behind the energy
band. We use here the one common to Hartree-
Fock theories. The occupied energy levels refer to
the negative of the energy needed to remove an
electron from the system (ionization potentials),
whereas the virtual ones are the negative of the en-
ergy gained in adding an electron to the system
(electron affinities). In this study the Hartree-Fock
problem is solved separately to a high degree of ac-
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curacy for each state in question, and total-energy
differences then define the bands. The basic
method used here is the self-consistent Hartree-
Fock method in its fully unrestricted form (UHF).
In this method one describes the n-electron wave
function for the system as an antisymmetrized
product of one-electron orbitals. That is

V(X * - Xp)(n )7V 2det|[6%(X))]] . (13)

Here X; is the ith electron coordinate and includes
both space and spin dependence. The one-electron
orbitals ¢; are constrained to be orthonormal and
to be eigenstates of s,. No further constraints are |

#”_, I
F(p*)=——V*—
()=~ 121 |r-R1| +e? [ £

and P is the operator which interchanges coordi-
nates X and X'. E, is then the energy of state ¢,:

Eo=(W, | H|¥,)=E,(p% . (17)

Because NiO possesses both broad and narrow
bands, we find it necessary to use two different
schemes for dealing with the hole left behind in re-
moving the electron whose energy we wish to com-
pute. In the narrow-band case of the Ni 3d levels,
we describe the hole by a valence bond (VB)
scheme and | remove an orbital ¢;(X — RI) localized
on ion site R,, leaving a hole of unit charge on site
I. In the broad-band case of O 2p level and the 4s
part of the conduction band, we remove a nonlocal
Bloch orbital made up of a linear combination of
the ;(X—R,). This differentiation gives rise to a
considerable band gap in the 3d states which is ab-
sent from conventional band models.

Finally, we note that the presence of a local hole
is not acceptable as a final model in that the
translational symmetry of the Hamiltonian requires
the many-body wave function 1y, be periodic. So,
for the VB case, we symmetry project Bloch sums
of the VB many-electron trial function in order to
regain translational symmetry. This results in a
broadening of the conduction Ni 3d levels and hy-
bridization of the Ni 34 and O 2p bands.

The combined VB band structure is shown in
Fig. 11, along with the density of states curve. A
computed band gap of 4.8 eV compares with the
optically measured gap of 4 eV.>? The two large
peaks in the conduction band DOS are associated
with the flat portions of the mostly Ni 3d band.

We now calculate the O K-edge energy-loss spec-
trum (e,(E)~Im[— 1/€(E)], where €(E) is the
dielectric function) from the above band structure;

a(x

|F— _4

imposed upon ¢ other than that they minimize the
expectation value of the n-electron Hamiltonian
with respect to our functional form for ¢. This
yields the canonical UHF equation for determining
the ¢’s:

F¥p*) i (X)=€97(X) , (14)
where
n
=3 AP (X" (15)
i=1
and
dx! ——ep xxYYy/|T-7| P, (16)

|
both the transition intensity and the associated ab-
solute energy are determined. Figure 12 matches
up the theoretical results with experiment. The
band single-particle transition strength is shown as
the solid curve running along the bottom of the
figure. Above 555 eV, the calculation may be un-
reliable due to basis-set limitations.

The four spikes sticking up from the €,(E)

(a) (b)
1.0 F] X 1.0
0.5 / 0.5
;5; 0.0 s ———]0.0
8
& -05 E E .0.5
10 /2 )
-5 1.5
~2.0(060)__ (100) O 1-2.0
K N(€)
( arb. units )

FIG. 11. Calculated UHF band structure (a) and den-
sity of states (b) for NiO. The Fermi level is shown as a
dashed line.
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FIG. 12. Calculated and measured O X spectra in
NiO.

theory curve are the allowed Frenkel core excitons
which are also calculated by solving Eq. (14) using
an updated version of the UHF method.” Here,
however, we calculate the allowed transitions local-
ized on a particular oxygen atom. The NiO solid
is approximated by a NigO cluster imbedded in a
charge neutral 5X 5X 5 array of point ions chosen
self-consistently to simulate the remainder of the
solid. In the region of interest the ionic potential
has an accuracy of better than 0.25 eV. The
method of separating out this bounding potential
and incorporating its effect into the total-energy
calculation is described in the literature and need
not be considered here.*

In performing these studies a Gaussian set of
double-zeta accuracy is used for Ni’* and con-
tracted to a minimal set chosen for the NiO crys-
tal. For the O’ a Gaussian set of double-zeta ac-
curacy plus several s and p polarization functions
were used in an uncontracted form. Self-consistent
calculations were performed for the NigO cluster
for O~ in the states 1s% 2522p® (ground state),

15 25%2p°® (ionization limit), 1s2s22p®3s (first-
excited state), 15 2s22p®3p (second-excited state).
The results are that the ionization limit is 539 eV,
the first excitation is at 532 eV, and the second ex-
citation is at 536 eV. Due to the trigonal distor-
tion of NiO from perfect fcc the first excitation
becomes somewhat allowed. Variational collapse
prevents self-consistent determination of the excita-

tion to 4p or 5p. However, we can use the orthog-
onal atomic operator (OAO) method to determine
these approximately.®! These are predicted to lie at
537.5 and 538.5 eV, respectively.

Before continuing, we comment upon the expect-
ed theoretical accuracy of the UHF method for
such x-ray edge studies. Systems isoelectronic to
0O~ have been studied, in particular, the K edges
of CH, and Ne.®? For CH, the ls ionization po-
tential (IP) is found to be 290.58 eV by this tech-
nique as compared to 290.6 eV in experiment. The
theoretical value of the first excitation from the 1s
shell is 288.5 eV and experiment is 288.3 eV. In
the case of Ne, theory predicts 870.27 eV against
an experimental value of 870.1 eV for the 1s IP.
As seen here, there is no reason to expect these cal-
culations to have any significant inaccuracies.
Furthermore, recent detailed studies using these ex-
act techniques on Li and Na halides indicate that
accuracies of 0.5 eV are easily possible for solid-
state situations.%® It is speculated that some of this
accuracy is fortuitous in that atomic correlation ef-
fects would increase the gaps and solid-state ones
compress the gaps and hence one has compensating
errors. Nonetheless, one can estimate these effects
to have a size of 1 eV for these systems and hence
even at worst the numbers reported here should
have better than 1-eV accuracy. For O*~ relativis-
tic effects are not significant.

Returning now to Fig. 12, we compare the
theoretical core exciton plus band &,(E) curve with
the experimental data. In the lower EELS curve,
the data was obtained at better energy resolution
but poorer counting statistics than for the top
curve. We see that the computed energy of the
first core exciton (a) at 532 eV is in very good
agreement with the position of the first spectral
peak. The next three excitons then blur into the
observed EELS peak (b) centered at 537.5 eV.
Since the ionization potential is calculated to be
539 eV, the large EELS peak (c) at 540.5 eV is at-
tributed to a mixture of the band edge enhanced by
electron-hole interaction and further series limit ex-
citons.®

The two large DOS peaks centered at about 0.5
Ry in Fig. 11 arise from bands with mostly d char-
acter. The dipole matrix element with the O 1s
level as the initial state greatly reduces the transi-
tion strength to these Ni d bands, and the resulting
peaks (d,e) in the €, curve in Fig. 12 are quite
small. Peak e fits the EELS spectral peak at 547
eV, while the lack of any EELS feature matching
hump d in the €, curve is not surprising consider-
ing its small size. While peak f in the €, curve
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may correspond to the slight rise in the top EELS
curve, the prominent broad peak (g) displayed by
both EELS curves is plainly absent from the calcu-
lation. As previously mentioned, the band €,(E)
curve is not reliable above 555 eV due to basis set
limitations, and so the apparent mismatch of
theory to experiment in this energy region was to
be expected. The calculation does accurately
predict the energies of the initial EELS spectral
fine structure, and shows that core excitons and
not peaks in the conduction-band DOS are respon-
sible for the sharp peaks at onset. This repudiates
our earlier guess that the peak(s) b(b') observed in
all the 3d transition oxide O K edges shown in Fig.
1 represented transitions to a narrowing metal d-
band DOS. Core excitons may well play a role in
determining the fine structure at onset in some of
the rest of these spectra. Their appearance would
explain the observed absence of correlation between
peaks in near-edge structure evinced in the metal K
and L and the OK edges (as was shown in Fig. 4
for CuO) since the excitonic binding energies are
not expected to be the same. Conversely, we may
interpret the agreement between the three core-edge
fine structures in TiO, (Fig. 3) as evidence that
core excitons are not observed in this case.

Under what conditions may one expect exciton
effects to be prominent, i.e., why does NiO show
exciton effects when TiO, does not? We have
some ideas on this point, although they are only
educated speculation. A fundamental difference
between NiO and TiO, is that NiO is best
described as an ionic solid while TiO, is more co-
valent. The occupied states in NiO are well
represented by relatively local orbitals on a Ni or O
sublattice ({7 )n;34=0.95 a.u. and {r)o,, =1.65
a.u. compared to the lattice constant of 7.92 a.u.).
Thus the exciton’s electron orbital can easily be
made orthogonal to the occupied orbitals, have its
energy minimized, and still be quite compact.

TiO, is, however, another matter. Because the sys-
tem is covalent any attempt at a true rotation into
orbitals localized on Ti or O cannot span just the
occupied space but must also include the low-lying
antibonding part of the conduction band as well.
Therefore, the true occupied wave functions are
not local but rather covalent, bonding-type orbitals,
shared jointly by Ti and O. Consequently, ortho-
gonality of the exciton’s electron state forces the
exciton into a rather diffuse orbital. Furthermore,
there are lower-lying virtual band states built up of
the antibonding parts of the local orbitals present
in TiO, which are absent in NiO. The change of
radius means the exciton in TiO, sees more of the

lattice than in NiO and hence has its binding ener-
gy (BE) reduced by the dielectric screening
(BEa1/€% much more severely than does the elec-
tron in NiO. In the latter case, the exciton, being
more compact, is screened by an effective dielectric
constant which should be far less than that of the
crystal. The secondary effect of the low-lying
TiO, antibonding bands is to further increase the
dielectric constant of TiO, over that of the ionic
cases. Thus we expect TiO, to be like Si in which
the excitons are bound by millivolts®® rather than
like NiO or the alkali halides,% where excitons are
bound by volts.

IV. SUMMARY

We have presented data on the 1s subshell exci-
tation in oxides of half the 3d transition metals,
the first such study to be carried out using fast
electron scattering, and the first systematic study
across the row by either EELS or x-ray absorption.
The multipeaked structure observed near onset in
these edges is found to vary markedly between the
different oxides. Other measurements by comple-
mentary techniques yield results in good agreement
with ours, although nonlinearities resulting from
the various indirect measurement techniques em-
ployed cause variation in the spectral shapes and
peak intensities. An empirical symmetry-based
molecular-orbital model has been invoked in an at-
tempt to interpret the data. Comparisons are made
to the fine structure evinced in the metal K and L,
edges in these same oxides in an attempt to verify
the consistency of the MO model energy-level
spacings. While the three symmetry edges of TiO,
display structure consistent with this model, it fails
for at least some of the other oxides studied.

Finding our empirical interpretation scheme to
be insufficient, we turn to more rigorous theoreti-
cal approaches. First, an extended Hiickel tight-
binding calculation for the band structure of TiO,
has been described including comparison of the
crystal orbital to the (TiOg)®~ cluster molecular or-
bitals. We show that the valence orbitals in solid
TiO, have similar bonding characteristics to those
in (TiOg)®~. As expected, the density of states for
solid TiO, displays peaks which correspond to
broadened, overlapping versions of the MO energy
levels. We find that the separation of the first two
unoccupied-band DOS peaks is in reasonable agree-
ment with the experimental separation of the first
two fine-structure peaks in the OK, TiK, and
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TiL ,; edges, providing corroboration for our MO
interpretation of the core-edge spectra of TiO,.

A self-consistent Hartree-Fock calculation for
the energy bands of antiferromagnetic NiO has
been presented. A hybrid valence-bond —band
scheme is employed in order to differentiate be-
tween the narrow Ni 3d band and the other valence
bands which are broad in energy, and this gives
rise to a considerable band gap in the 3d states ab-
sent from previous calculations. Next, we compute
both the O K-edge single-particle transition
strength (core-hole neglected) and also the allowed
core exciton series. The energies of the initial
spectral peaks are accurately predicted and these
are shown to be core excitons and not peaks in the
conduction-band DOS. This result not only
repudiates our initial MO interpretation of the
data, but also shows the usual assumption that
near-edge structure is related to the unoccupied
density of states of the initial solid (before core-
hole excitation) to be incorrect for NiO. Core exci-
tons may well play a role in the spectra of others

of the oxides presented here, and this would ex-
plain the observed lack of correlation between
peaks in the near-edge structure for different atoms
in the same solid.
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