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The valence-band structures of MnO, CoO, NiO, Cu,0, CuO, and ReO; have been ob-
tained by x~-ray photoemission spectroscopy. It is found that in every case a narrow
metal d band lies above the center of the oxygen 2p valence band,

The transition-metal oxides exhibit a wide va-
riety of electric and magnetic properties!: There
are magnetic insulators (e.g., NiO), compounds
with a metal-to-insulator transition (e.g., V,0,),
and metals (e.g., ReO,), This wide variety
makes these compounds an attractive subject for
a systematic study of magnetic and electric prop-
erties. The most basic information required
for an understanding of these properties is their
band structure. Adler,! in a recent review of the
properties of the transition-metal oxides, has
shown that this knowledge is still incomplete,
even in the most thoroughly investigated case,
that of NiO. In fact, two different theoretical ap-
proaches'? yield quite different band structures,
clearly indicating the need for reliable experi-
mental information. In this note we provide data
which, for the first time, locate the O(2s), O(2p),
and 4 bands of a number of transition-metal ox-
ides quite accurately. We also show that x-ray
photoemission spectroscopy (XPS) must be used
with care even in the valence-band region because
of the occurrence of multielectron excitations.

The XPS spectra were recorded with a Varian
IEE 15 spectrometer, operated with Mg Ka ra-
diation at a linewidth of 1.2 eV. Samples consist-
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ing of thin layers of MnO, CoO, NiO, and Cu,0
were produced directly on the corresponding
metals by exposing them to air under conditions
such as to assure the formation of the desired
oxide.® As a cross check we ran a sample made
up from freshly crushed green NiO crystal mount-
ed on double-sided Scotch tape. It gave results
identical to those of NiO grown on Ni except for

a charging shift of about 3 eV. The spectra of
CuO and ReO,4 were obtained only from Scotch-~
tape—mounted samples. Figure 1 shows the typ-
ical valence-band spectra of the rock-salt-struc-
ture oxides MnO, CoO, and NiO; Fig. 2 shows
the spectra of CuO, Cu,0, and ReO,. To facili-
tate comparison, the energy scales have been
normalized to the O(2s) lines in each case.

The position of the Fermi energy shown in the
figures has to be viewed with some caution. The
Fermi energy of the instrument was determined
from Ag and Au valence-band spectra. For the
oxides produced directly on the metals there
should be negligible charging effects; neverthe-
less, it is not certain that the concept of Fermi
energy applies to a thin film of insulator or semi-
conductor under x-ray bombardment. The Fermi
energy for CuO has been tentatively assigned the
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FIG. 1. XPS valence-band spectra of MnO, CoO, and
NiO. Position of satellites in NiO deduced from the
Ni(2p) spectra are indicated by arrows, Only very
weak 2p satellites are observed in the CoO and MnO
spectra. The position of O(2p) is indicated where not
directly visible in the spectra.

same position as in the oxide on metal samples,

namely, 21 eV above the center of the O(2s) band.

For ReQ,, the zero of energy was placed at the
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FIG. 2. XPS valence-band spectra of CuO, Cu,0,
and ReO;, Satellite position in CuO and Cu,O obtained
from Cu(2p) spectra are indicated by arrows. (In the
case of Cu,O this may be an energy-loss peak.)

just visible Fermi edge in the data.

A remark regarding the comparison of XPS and
ultraviolet photoemission spectroscopy (UPS),
which is the main competitive method for deter-
mination of the density of states, is in order.
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Eastman* has shown that UPS measurements with
photon energies greater than 30 eV give similar
results to those of XPS experiments, whereas
UPS measurements with lower photon energies
exhibit additional complexity introduced by the
structure of the empty states. It must, of course,
be kept in mind that the relative intensities of
bands due to s, p, and d electrons are not cor-
rectly reproduced by either technique because of
differences in the transition matrix elements of
these electrons.

We next consider the general features of the
valence bands, defined here to encompass the re-
gion of energy from 0 to 25 eV. At first glance
the bands, even for the three oxides with the
rock-salt structure in Fig. 1, appear strikingly
different. The simplest spectrum is that of ReO,
in Fig. 2 where the O(2s) and O(2p) bands are
clearly discernible, and the Re(5d) band shows
up as a shoulder on the O(2p) band. The interpre-
tation of the other spectra depends on the realiza-
tion that multielectron excitations may occur.5®
These give rise to satellite lines displaced to
greater absolute binding energies with respect
to the main line. Examples of satellites accom-
panying the sharpest lines in a transition-metal
oxide, namely the metal 2p lines and the O(1s)
line, are shown for NiO in Fig. 3. The 6-eV
satellite of the 2p line has been previously attri-
buted to a 3d —4s excitation®; here the 1.5-eV
satellites on both the Ni(2p) and O(1s) lines are
attributed to a transition into an excited 3d state
which occurs at just that energy according to the
optical absorption data.”® There is every reason
to believe that these multielectron excitations
will also occur in valence-band spectra. The
strongest metal 2p satellites were found in NiO
and CuO and their corresponding positions in the
valence band have been indicated by arrows in
Figs. 1 and 2. It seems very likely that the struc-
tures 1.5 and 6.9 eV below the 3d peak in NiO and
8 eV below the 3d peak in CuO are indeed due to
a multielectron excitation and do not correspond
to density of states in the normal band structure
of the compound.

With this assignment the remaining features of
the spectra show good agreement. The O(2p)
bands are clearly discernible in CoO, Cu,O, and
ReOy; and their separation from the O(2s) band
is always between 15 and 16 eV. This suggests
that in MnO, NiO, and CuO the centers of the 2p
bands must fall just below the 3d band. This is
clearly so in MnO, where no other structure iden-
tifiable as the O(2p) band is visible, and extreme-
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FIG. 3. XPS spectra of the Ni(2p) and O(1s) regions
in NiO. The two-ion excitation satellite is readily vis-
ible.

ly likely in NiO and CuO, because the hypotheti-
cal identification of the satellite as the O(2p) band
results in an O(2s)-0(2p) separation which is
much too small. Comments specific to individual
oxides follow:

NiO.—The band structure emerging from the
XPS spectra is very similar to that proposed by
Adler and Feinleib.® Judging from the shape of
the d band, especially at the side near the Fermi
edge, an upper limit close to the instrumental
resolution of 1.2 eV can be set for its width; a
large, 3—4-eV bandwidth seems very unlikely.
The present results are very similar to the UPS
measurements of Eastman and Cashion.'® In view
of the systematics presented in Figs. 1 and 2, it
seems likely that the peak observed in their spec-
trum 5 eV below E; is actually the O(2p) band,
whereas the 9-eV peak is most probably due to
a satellite similar to that observed in the present
XPS measurements.

MnO, CoO.—The band structures are very sim-
ilar to that of NiO. CoO also has a narrow d
band, whereas in MnO it appears broadened.
Satellites observed on the O(1s) line at 1 eV in
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MnO and 2 eV in CoO can be attributed to multi-
electron excitations into excited d states by a
comparison with the known absorption spectra,!!™13

ReO,.—Although ReQ, is a metal, the O(2s)-
O(2p) separation is only slightly reduced com-
pared to that of the insulators. The 5d band lies
at the Fermi energy, showing that it is respon-
sible for the conductivity. This is in agreement
with a model suggested by Feinleib, Scouler, and
Ferritt,

The present investigation has shown that tran-
sition-metal oxides of widely different structures
and properties have very similar band structures
when viewed with the limited resolution of cur-
rent XPS techniques. An interpretation of the
XPS valence-band spectra was obtained by com-
paring them with core-electron spectra and by
searching for systematics in a series of oxides.
The important characteristics of the band struc-
tures are (1) very similar O(2s)-O(2p) separa-
tions for all oxides investigated here, and (2) a
substantial O(2p)-metal (d) overlap with a narrow
d band lying above the center of the valence band.
These experiments for the first time unambigu-
ously determine the positions and approximate
widths of these bands. They are in agreement
with preliminary estimates® but do not confirm
some more elaborate calculations.®!S Finally,
intense multielectron excitations have been found
to accompany the 3d spectra in those cases where
satellites are observed in core-electron spectra.
Also noteworthy is the fact that crossover excita-
tions have been observed in these materials.
Their occurrence could have been anticipated by
a comparison with similar phenomena in x-ray
emission experiments. The large O(2p)-metal
(@) overlap in these compounds makes these tran-
sitions more likely than would appear at first
sight.

In summary, this investigation has given a
clear picture of the energy bands of the transi-
tion-metal oxides, and has shown that XPS can
be employed as a powerful and very promising

technique for the study of valence bands of rela-
tively complicated systems.
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