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The valence-band structures of MnO, CoO, NiO, CuO, Cu20, NiC1„NiS, and KNiF, have been obtained
by x-ray photoelectron spectroscopy. Band widths and positions are obtained, and are compared with the
results of band-structure calculations. Bandwidths for the oxides are in accord with augmented-plane-wave
calculations. Bands positions are better described by shifting free-ion energy levels according to the
Madelung energy. The structure of the d band of NiO is compared with other experimental and theoretical
results.

INTRODUCTION

The detailed interpretation of the optical and
transport properties of transition-metal compounds
remains an elusive goal in spite of many years of
effort. Although considerable progress has been
made' 3 there is as yet no agreement on such fun-
damental properties as the band structure and the
electronic density of states for many materials of
basic importance.

The attempt to treat the electrons in transition-
metal compounds by the Bloch-Wilson band theory
leads to partially filled bands, implying metallic
conductivity for all of these materials. This is,
of course, contrary to the experimental facts and
requires some elaboration of the theory. The most
satisfactory explanation is due to Mott' who pointed
out the importance of correlations between d elec-
trons on the band structure. Full implementation
of this suggestion in a band-structure calculation
remains a formidable problem, and theoretical and
experimental work to determine why a particular
compound is a metal, insulator, or semiconductor
continues. In this paper we will explore the appli-
cation of x-ray photoelectron spectroscopy, 5 XPS
or ESCA, to these problems. This technique,
whose power in the study of band structures has
already been demonstrated in the case of metals
and alloys, s can provide a direct picture of the oc-
cupied electronic bands. Although the resolution
provided by this technique is still limited, it has
the advantage of probing more deeply into the den-
sity of states than do most other measurements,
which provide information mainly about the elec-
trons near the Fermi energy. XPS makes core as
well as valence electrons accessible and thus pro-
vides the opportunity to test band-structure calcu-
lations ~ n greater detail than ever before.

To interpret the results of XPS experiments it
becomes essential to established the connection
between the core and outer electrons. Core elec-
trons are localized and exist in states like those
in free atoms. Outer or valence electrons gener-
ally form bands. In the Madelung description of

an ionic solid the core and vaLence state energies
are simply obtained by correcting the free-ion en-
ergy levels by the electrostatic potential existing
at the site of each ion. This approach is very
successful for core levels, but cannot give a good
description of valence electrons because it ne-
glects the effects of wave-function overlap, which
leads to band formation and hybridization.

A better representation requires a full-fledged
band-structure calculation. These have been very
successful in describing, for example, the Fermi
surface of simple metals. Calculations for many
of the materials of interest in this paper have been
done by Mattheiss' '0 and will be discussed in
greater detail in connection with the experimental
results. It should be recognized at the outset that
these calcuLations which utilize Hartree- Fock
methods exclude intra-atomic exchange and elec-
tron-electron correlation effects. They conse-
quently cannot account for the magnetic, optical,
and transport properties. Their chief contribution
is to establish bandwidths and band positions.

The inclusion of intra-atomic exchange can ac-
count for the insulating properties only in certain
special cases, e.g. , those of 3d and 3ds. The
real origin of the insulating nature of these mate-
rials is found within the framework of the theory
outlined by Mott and developed by Hubbard. '
Mott pointed out that d-band transport in a mate-
rial with a partially filled band requires transi-
tions of the form

I"+I"—M"'+I '.
The energy for this process is the greater the
more localized the d electrons, or the narrower
the band. When this correlation energy U becomes
sufficiently large, i.e. , larger than the bandwidth,
transport becomes impossible. A Hamiltonian
containing these ideas, now widely used to discuss
the properties of narrow-band materials, was in-
troduced by Hubbard'~:
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where c~ and c are creation and annihilation opera-
tors, T, ~ is the Fourier transform of the Bloch en-
ergies, and U is the Coulomb repulsion energy be-
tween two electrons with opposite spin on the same
site. The important parameters which determine
the metal-insulator transition within the framework
of this Hamiltonian are the bandwidth 4 and the
Coulomb repulsion U. The transition occurs when
~ ~ U, an insulator being characterized by 4 «U
and a metal by 4» U. Experimentally determined
values for these parameters are essential for a
meaningful discussion of the properties of materi-
als within the framework of the Hubbard Hamilto-
nian. ~ can in principle be obtained directly from
experimental data, but the magnitude of U is gener-
ally based on semiempirical estimates.

A systematic investigation by XPS of a series of
compounds like the transition-metal monoxides or
monosulphides which have already been thoroughly
studied by other techniques provides an attractive
line of attack. These compounds include examples
of all three types of conductivity. Of particular in-
terest are compounds like ¹iSwhich exhibit a met-
al-to-nonmetal transition as a function of tempera-
ture.

The transition-metal monoxides have attracted
considerable attention because, except for CrO,
they exist as an isostructural series from TiO
(metal) to NiO (insulator). Except for small lat-
tice distortions which accompany magnetic transi-
tions they have the simple NaC1 structure. Among
them NiO has often served as a test case for theo-
retical approaches. It is also the most thoroughly
studied of these materials from the experimental
point of view, and will therefore serve as a focus
for our work as well.

The properties of ¹iOhave been dealt with ex-
tensively in recent reviews. ' We shall here
summarize only the salient points. Stoichiometric
NiO is a wide-gap insulator and its optical spectra
for energies below 3. 5 eV are very similar to
those of dilute Ni~ in MgO. It has been argued
that this is no proof of the localized nature of the
Sd electrons because the states produced by photo-
absorption may be excitonic states. Sharp exci-
tonic states in conjunction with wide bands are well
known in, for example, the elemental semiconduc-
tors. However, delocalization of the d states in
N10 relative to those of Ni+ in MgO can be due on-
ly to considerable d-wave-functions overlap. This
in turn would most likely affect the wave functions,
implying different energy levels in the two systems.
This is counter to experimental fact. It therefore
follows that the similarity of the energy levels of
Ni in NiO and MgO is an indication of localiza-
tion in NiO. The high Neel temperature, 520 K,
shows that the magnetic interactions in this mate-
rial are produced by strong superexchange via the

0-2p' orbitals which must be quite extended~ and
describable in a band picture.

The optical properties show a sharply rising ab-
sorption at 3.8 eV which resembles the behavior
of a semiconductor at the gap energy. This energy
has often been attributed to an excitation from the
3d band into the 4s band. However, Powell and
Spicer who made the most thorough study of the
optical properties did not obtain sufficient evidence
to distinguish between 3d -4s and 2p-Sd assign-
ments. In the region between 4 and 26 eV, many
transitions have been detected in ref lectivity mea-
surements but little agreement exists regarding
the interpretation.

The most ambitious attempt to set up a band
structure for NiO is that of Adler and Feinleib.
They use free-ion energy levels corrected by the
Madelung energy to approximate the positions of
the energy bands and use auxiliary information to
determine their width. The Sd electrons are as-
sumed to be effectively localized in a band only
0.01 eV wide, lying close to the Fermi energy.
The oxygen 2p valence band is taken to be 4 eV
wide lying in the interval from 1.5 to 5. 5 eV below
E

EXPERIMENTAL

All data were taken with a Varian IEE-15 spec-
trometer. The instrumental resolution, as mea-
sured by the full width at haU-maximum of the Au

4f lines, was l. 8 or l. 8 eV depending on the count
rate available. Samples were of two kinds, either
freshly crushed powders or films grown on the
metal. The films were grown by exposing the
metal under the appropriate thermal conditions to
the gas that ensured the formation of the desired
compound. The films were always clearly visible
showing that they had thicknesses larger than 1000
A ensuring that their properties were representa-
tive for the solid. This type of sample has the ad-
vantage that charging effects are small. For pow-
der samples a charging correction must be applied.
Normally the carbon 1s line due to volatile con-
taminants was used to normalize data by shifting
the whole spectrum so as to place the carbon line
at 285 eV. The absolute zero of the energy scale
itself was determined from the Fermi edge as
measured with a silver sample.

XPS binding energies are normally expressed
relative to the Fermi energy. It should be recog-
nized, however, that the Fermi energy of an in-
sulator can assume any position within the band

gap, depending on doping. Moreover, the Fermi
energy, which is an equilibrium property, is not
well defined in an insulator exposed to a high flux
of x rays which generate a substantial number of
free carriers. The data taken with films on me-
tallic substrates suggest that the effective refer-
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ence level lies near the middle of the gap. It is
clear from these remarks that in all cases the en-
ergy scales have to be considered as uncertain
from an absolute point of view and their position
can also vary between different compounds depend-
ing on their electrical properties. Therefore for
comparison with other data some well-defined
spectral features, such as the edge of the valence
band, should be used as a reference.

The chief advantage of XPS over other tee;hniques
such as low-energy (hv —11 eV) ultraviolet photo-
electron spectroscopy (UPS) is that it directly re-
flects the density-of-states structure of the filled
bands alone although the latter technique has much
better resolution. The final state of the photoex-
cited electron lies in a region of the empty band
structure -1250 eV above the Fermi energy, where
there is no density-of-states modulation. In low-
energy UPS an unfolding of the joint initial- and
final-state structure is required. The success of
XPS in giving a fairly accurate representation of
the density of occupied states of metals has been
adequately documented. Recently, Shevchik et al.
have shown that high-energy UPS can give a good
representation of the density of states near the
Fermi energy and that by combining XPS and UPS
results a more detailed representation of the den-
sity of states can be obtained. On the other hand,
when XPS is used for the investigation of energy bands
in insulators and semiconductors, complications
may, in principle, arise from multielectron satel-
lites. This phenomenon is well documented' for
core levels of transition-metal ions and is gener-
ally attributed to the excitation of an electron from
the valence region simultaneous with the photoelec-
tric emission of the core electron. For the com-
pounds considered in this paper these excitations
must involve metal p- or ligand d-band electrons.
Unfortunately, the exact nature of these excitations
remains uncertain. If core level satellites are due
to charge transfer transitions to metal 3d states,
then there are no valence-band satellites at the
same energy due to this mechanism. All structure
is then density-of-states structure. On the other
hand, charge transfer to empty 4s orbitals would
allow valence band as well as core level satellites
at the same energy. At present there is no defin-
itive evidence to confirm or deny the existence of
satellites in valence-band spectra.

The valence-band density of states is defined by
a process in which one electron is removed. In
insulators with localized d- or f-electrons the fi-
nal state after photoemission need not be the
ground state of the system. This effect is well
documented for the 4f spectra of rare-earth tri-
fluorides, but can also be found in certain transi-
tion-metal compounds. ' It is most readily seen
in systems with an electron configuration contain-

We begin our examination of XPS valence bands
with a few simple systems to establish the power
of the technique and then progress to systems of
increasing complexity. We include here systems
with no d electrons, with filled d shells, and sys-
tems with partially filled shells in which the d
electrons are clearly localized or delocalized.

Titanium Dioxide, TiO~, 3do

The spectrum in Fig. 1 clearly shows the bands
derived from the 0-2s and 0-2p atomic wave func-
tions. The latter makes up the valence band and
exhibits a bandwidth significantly greater than the
1-eV instrumental resolution. (Throughout this
paper we will use the atomic tight-binding desig-
nation of the electron states, fully cognizant of the
fact that hybridization may be appreciable. ) We
had earlier stressed that the separation between
the oxygen 2s and 2p states in many of these insu-
lators is close to the free-atom value of 16 eV.
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FIG. 1. XPS spectrum of the valence-band region of
Ti02. The 0-2s band and the 0-2p band are clearly dis-
cernible (from Ref. 19).

ing one more electron than a half-filled shell. In
a weak crystal field this corresponds to a half-
filled shell of spin-up electrons and one spin-down
electron. It is immediately apparent that photo-
ionization of the single spin-down electron leads
to the ground state, whereas photoionization of a
spin-up electron leads to excited states. This
gives rise to final-state structure, which at first
sight appears to be only distantly related to the
electronic properties of the system under study.
However, this final-state structure corresponds
to the density of states defined in the usual sense.

RESULTS
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sample made from freshly crushed single-crystal
material. The d electrons are localized. This is
one of the first materials to which molecular orbit-
al calculations were successfully applied to explain
the magnetic properties. The comparison of the
XPS density of states with a recent theoretical
augmented-plane-wave (APW) calculation shows
that the latter' overestimates the F-2p-Ni-3d en-
ergy separation. The data clearly illustrate both
the usefulness and the limitations of current XPS
densities of states. They serve to locate the posi-
tion of bands to within -0. 2 eV and can thus pro-
vide a useful guide for band-structure calculations,
but have only barely sufficient resolution to reveal
structural details. Ni d-band structure is dis-
cussed below in connection with NiQ and ¹iCla.

Cobaltous Oxide, CoO, 3d'

ELECTRON BINDING ENERGY (eV)

FlG. 2. XPS valence-band structure of Cu~O (from
Ref. 21).

This is of course implicit in the Madelung energy
description of ionic solids. Deviations are ex-
pected whenever there is band overlap and hybrid-
ization between anion and cation states. A valence-
band structure with similar O-2s-O-2p separation
has also been obtained for MgO, a sodium chloride
structure oxide. This will be useful in the con-
sideration of the transition-metal monoxides in a
later section of this paper.

Cuprous Oxide, Cu~ O, 3d'

This spectrum, Fig. 2, was obtained from a
thin film grown on a copper substrate. ' The com-
pound is a semiconductor with filled Cu-3d and
0-2p shells. The 3d band clearly overlaps the
oxygen 2p derived valence band. Some structure
is resolved in the 3d band which has a width of 1.5
eV at half-height, much narrower than the 3d band
of copper metal. Weak satellite structure seen in
our earlier spectrum~0 is absent in this thin sam-
ple indicating that it was probably due to plasmon
excitation by electrons originating deeper within
the sample. Comparison of this spectrum with the
band structure calculated by Dahl and Switendick~m

is instructive. Although a density-of-states histo-
gram is not available, it is clear that there is sat-
isfactory agreement with regard to the width and
location of the oxygen 2p and copper 3d states. The
location of the oxygen 2s states is, however, not
correctly given by the band-structure calculation.

Potassium Nickel Fluoride, KNiF3, 3ds

The data for this transparent insulator compound
are shown in Fig. 3. They were obtained with a
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FIG. 3. Valence band for KNiF3. (a) Calculated den-
sity of states after Mattheiss, Ref. 10; (b) XPS density
of states.

This material can clearly be described as a
Mott insulator since neither intra-atomic exchange
nor the crystal field can account for its insulating
properties. The data shown in Fig. 4 were taken
on a thin film grown on a metallic substrate. The
growth conditions were such as to avoid the for-
mation of Co304. Of all the monoxides investigated
CoO shows the important features of the valence
band most clearly. The 0-2s~ band stands out at
22 eV, the 0-2psband is clearly visible at 6 eV.
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vided by the results of a molecular cluster calcu-
lation recently reported by Johnson et al. ~4 They
treat an MnOt)'~ cluster, using the Xe method to
approximate the exchange, and the transition state
concept to calculate photoionization energies. They
find two d bands, separated by 2. 3 eV, sufficient
to account for the observed bandwidth. The loca-
tion of the 2s and 2p bands are also compatible
with the experimental results.

Nickel Sulphide, NiS, 3d~

NiS is a metal at room temperature, and under-
goes a metal-to-nonmetal transition at 260 'K.~' The
sample was produced by heating a Ni foil to 500 C,
then briefly exposing it to H&S, and cooling it rap-
idly to room temperature. This procedure should
preferentially produce NiAs structure material. 5

The Ni-2p spectra showed no satellite structure at
temperatures between 70 and 400 'K. Satellites
had previously been found in all insulating para-
magnetic Ni compounds, only Ni itself having no
resolved satellite structure. This tends to con-
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B — (a)
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FIG. 4. XPS valence-band structure of Mno (upper
part) and COO (lower part) (from Ref. 20).

w 4-

The separation is 16 eV. The 3d band, at 2 eV,
is considerably narrower than in Mno (see below)
and shows some resolved structure. This struc-
ture may be described as the crystal-field split-
ting of the 3d~ final state of photoemission. The
width of the d band is 2. 5 eV before correction for
instrumental resolution.

Manganous Oxide, MnO, 3d'

(b)
NIS

Data for this compound are also shown in Fig.
4. The material was prepared on a metallic man-
ganese substrate by oxidation in air followed by
argon ion sputtering to remove higher oxides. The
latter were dominant on bulk MnO samples. The
data show the oxygen 2s band and a band near the
Fermi energy comprising the oxygen 2P derived
valence band and the manganese 3d band. The
combined band is relatively wide, -5 eV. The da-
ta suggest overlap between the 0-2p and Mn-3d
bands which would result in strong hybridization
of the two bands with an attendant increase in band-

width. This interpretation differs signif icantly
from that of Wilson who shows a 1.5-eV wide d
band (tm and e, ) located 2 eV above the edge of the
valence band. An interesting comparison is pro-
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FIG. 5. Valence band of NiS. (a) Calculated density
of states after Tyler and Fry, Ref. 26; {b) XPS density
of states.
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firm that we are dealing with a metal in this ex-
periment. The agreement with the density of
states calculated in a tight-binding approximation26
is only fair (see Fig. 5). The most serious dis-
agreement lies in the width of the S-3P band which
is much narrower in the experiment than in the
calculation where it almost overlaps the experi-
mental S-Ss band. (The Ss band was not included
in the calculations. ) As is the case in other transi-
tion-metal compounds, it appears that the p-d sep-
aration is overestimated by the calculations.

A detailed discussion of the electronic structure
and its relation to the observed properties of NiS
has been given by White and Mott. ~ Some of their
findings are substantiated by the present data.
Their main point is that there is considerable d-p
overlap, so that the screening by the p electrons
reduces the Coulomb energy to a very small value,
making metallic conductivity possible. The XPS
spectrum, Fig. 5, shows that the d and p bands
fall quite close together lending support to this ar-
gument. Another interesting feature of the XPS
data on NiS is the splitting of the Ni-3s spectrum.
Since no satellites were found in other core elec-
tron spectra this splitting can only be attributed to
the 3d-3s exchange interaction. The observed
splitting of 2. 6 eV corresponds to a magnetic mo-
ment of 1.65'~, provided the 3. 1-eV splitting in

NiFR is attributed to a moment of 2ps and (r ) is
the same in both compounds. This moment is
close to that observed in nonmetallic NiS (l. 5 ps),
but it had been found in other measurements that
the moment vanished in the metallic phase. ~5 A

possible resolution of this contradiction lies in the
lifetime of the charge fluctuations in NiS. These
may be sufficiently long so that the multiplet split-
ting can be observed in the 1P ' sec time domain
of the XPS experiment, while neutron diffraction
and magnetization measurements which sample
over a time interval much longer than that of the
charge fluctuations may only see a vanishing time-
average moment. 3

Nickel Oxide, NiO, 3ds

Much of the work undertaken to elucidate the
problems of the metal-nonmetal transition has uti-
lized NiO as a model compound. A great deal of
experimental information has been accumulated
and many calculations have been performed, but
the attempt to obtain a consistent picture relating
the experimental facts to a band structure has not
been entirely successful. In this section we point
out difficulties which are encountered in the at-
tempt to interpret the XPS valence-band spectrum
of NiO, and to relate it to earlier work.

The problem becomes apparent from an inspec-
tion of Fig. 6, which shows a Ni-2P and a valence-
band spectrum of a NiO sample. The NiO was
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FIG. 6. XPS spectrum of the Ni-2p region of NiO (up-
per part). In addition to the 2p lines separated by the
spin-orbit splitting, a number of extra satellite lines
("sat") are observed. These are most likely due to mul-
tielectron excitations. Valence-band region of NiO, with
the Ni-2p region superimposed (lower part). The 2p line
has been made to coincide with the Ni-3d line.

grown as a thin film on Ni metal under conditions
which ensure the formation of NiO. The spectrum
is identical to one obtained from freshly crushed
NiO single crystals, except for a shift due to
charging. The 2p spectrum shows a number of ex-
tra lines marked as satellites in addition to the ex-
pected 2+&~ and 2P3/p lines. The nature of the elec-
tronic process responsible for these satellites is
still open to discussion, but there is evidence that
the 6. 5-eV satellite corresponds to a 0-2p- Ni-3d
charge transfer excitation. It should be mentioned
at this point that core electron satellite lines were
considerably weaker in the other materials dis-
cussed so far in this paper. The problem with re-
spect to an anlysis of the valence-band spectrum
becomes apparent from an examination of the low-
er part of this figure. It shows that the valence
band exhibits four clearly resolved structures. The
peak at 22 eV is the 0-2s level, and the peak at 2
eV is due to the Ni-3d level. A comparison with
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with each other. This strengthens the view that
the nearby satellite in the valence band represents
band structure which can be understood in terms
of a final-state effect. A comparison of the va-
lence band of NiO with that of NiFz (Fig. 8) sup-
ports the points just made. These two compounds
do have very similar Ni-2p spectra, but the 1.8-
eV satellite is missing in NiFz. The valence band
of NiFz, though very similar to that of NiO shows
not only a structure where one would expect the 6-
eV satellite to occur but also a weak shoulder
where one would expect the F-2p spectrum accord-
ing to a comparison with FeF~.

The observations can be summarized as follows.
Structure in the 3d band is almost certainly not due
to multielectron satellites and therefore most
probably reflects genuine 3d band structure. As
far as the anion bands go, two alternative inter-
pretations remain open. On the one hand, satel-
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2E 4T
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FIG. 7. Valence-band region of NiC12. The structure
in the 3d band may be interpreted as final-state structure
in the 3d configuration using weak crystal-field notation.
The expected position of the Cl-3P band is also indicated.
The insert gives the Ni-2P region for comparison.

the Ni-2p spectrum suggests that the structure at
9 eV and the shoulder at 3.8 eV may be due to mul-
tielectron transitions. This assignment is sup-
ported by the fact that the 0-2p band in CoO (or
TiOt, M80, etc. }falls far from these supposed
satellites. A change in the 0-2p band sufficiently
large to reconcile all the structure observed in
NiO with the 0-2p band is initially hard to support.
On the other hand, the valence-band spectrum of

KNiF~ does not exhibit satellite structure although
the 2p spectrum of this material contains strong
satellites. A further counter example is provided
by the valence band and Ni-2p spectra of NiCl~,
Fig. 7, in which it is evident that the two spectra
have little in common. There is a close corre-
spondence only between the 5. 5-eV but not the S.0-
eV satellite in the Ni-2p spectrum and structure
in the valence-band spectrum. Thus it appears
that the similarity between the Ni-2p and the Ni

valence band spectra of NiO is clearly accidental.
We therefore conclude that the 1.8-eV satellites
observed in NiO as a shoulder in both the Ni-2p
spectrum and the valence band have nothing to do
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FIG. 8. Valence-band spectra of NiO and NiF2. Final
state 3d crystal-field splitting in the 3d band is indicated.
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lite structure observed in the core spectra may
also be visible in the valence bands accompanying
the 3d levels and may thus have to be subtracted
from the valence band in order to reveal the true
anion valence bands. (These bands would then be
similar to those observed in materials where there
are no strong satellites in the core spectra. ) On

the other hand, because of the decrease in the p-d
gap in the Ni compounds there may be much stron-
ger hybridization than in the other materials con-
sidered so far and all the structure seen in the
valence band may be "real" valence-band struc-
ture. We know of no experimental approach that
would distinguish between these alternatives and
therefore proceed now with a comparison of the
XPS data with the results of other work.

The empirical systematics of Wilson provide
the most immediate comparison with the results
of optical spectroscopy. He shows a d-band con-
sisting of filled t'3, ', g', and e,' ' bands each of the
order of 1 eV in width, with the latter, two overlap-
ping and lying above the tz~

' band. The total width
is -2. 5 eV. This distribution of states is compat-
ible with the XPS data provided the shoulder on the
main peak is indeed part of the d band.

A similar conclusion follows from the work of
Johnson et al. 4 who calculate the energy levels for
a (¹06)'0 cluster self-consistently, taking ex-
change into account by the X~ method, in which it
is approximated by an extra Coulomb interaction.
By using the transition state concept they calcu-
late ionization energies which correspond closely
to what is actually measured in a photoemission
experiment. (This approach makes it possible to
take into account the relaxation of the final state
by calculating the energies of the initial and final
states for an occupation number half-way between
them. ) This type calculation does not, of course,
give a density of states, but a weighted average of
the calculated orbitals should reproduce the XPS
density of states. The calculations show strong
hybridization between 0 2p and Ni 3d resulting in
a very broad valence band encompassing all the
structure found in the XPS valence band. The 3d-
band components coincide with the main line and
its shoulder, which accordingly comprise the d
band. The peak at 9 eV contains part of the 0-2P
states, but may nevertheless contain contributions
from multielectron excitations.

Comparisons with the UPS results on Ni0 of
Powell and Spicer and on oxidized ¹iby Eastman
lead to similar conclusions as far as the valence
band is concerned. In each case structure is ob-
served extending 10 eV below the Fermi energy,
including the peak which could be due in part to
multielectron excitation.

A comparison of the XPS results on NiO with

other optical and photoemission work, as well as
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FIG. 9. Experimental and theoretical results for NiO.
In every case the zero of energy has been made to coin-
cide with the center of the 3d band.

with theoretical approaches is shown in Fig. 9.
For convenience the energies have been normalized
such that the position of the 3d configuration is at
E=0 eV. The bottom trace shows the energy lev-
els obtained by shifting the free-ion energy levelss'
by the Madelung energy of 24 eV. ' Configurations
for which the charge of an ion is changed by one
unit, e.g. , charge transfer transition of the type
2(ds)-d7+d or Pe+de-Pi+d84s, have been pur-
posely left out, because their energy is difficult to
estimate. See the Appendix for a discussion of
this point.

It can be seen from Fig. 9 that the Madelung
levels approximate the experimental position of the
various bands fairly well. Adler and Feinleib 4

start from the Madelung picture, broaden those
energy levels thought to be bands states (0 2p, ¹i
4s, Ni 4P), but leave the ¹i-3da level very narrow.
The ¹i-3d and 0-2p8 bands in their estimate also
agree with the XPS density of states. On the other
hand, they almost certainly overestimate U which
they obtain on an atomic basis with only a small
screening correction. Therefore, except for the
Ni-3d74s band, the position of the excited states
in Ref. 14 may be less reliable.

The ideas presented by Goodenough are very
similar to the results of Adler and Feinleib. ~4 He

also places a narrow 3d band above a broad 0-2P
band and places the 4s band above the 3d band by
an amount which is close to the optically observed
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energy gap. He points out that in NiO the 3d'4s
band lies only a few tenths of an eV below the
3d 4s band, thus stressing the itinerant nature of
that band. Because his band structure is so simi-
lar to that of Adler and Feinleib, it has not been
shown separately in Fig. 9.

Mattheiss7 ' has made extensive calculations
for a great number of transition-metal compounds,
among them the transition-metal oxides. He uses
an APW calculation yielding one-electron bands.
The parameters entering these calculations were
then fitted to a linear combination of atomic orbit-
als (LCAO} interpolation scheme. The main de-
ficiency of this calculation is the lack of self-con-
sistency. As Mattheiss notes, this lack may intro-
duce errors in the relative position of the oxygen
and metal bands of as much as a few electron volts.
Calculations along similar lines were performed
by Wilson, "who used a spin-polarized APW pro-
cedure. His calculations also lack self-consisten-
cy. Detailed comparison with experiment is diffi-
cult because density-of-states curves were not cal-
culated. The calculations of both Mattheiss and
Wilson' give bandwidths of -2 eV for the 3d elec-
trons, compatible with the XPS data. The 7-eV
Ni-d -0-2p separation in the calculation of
Mattheiss is very large, while the 2-eV gap, pre-
sumably the Ni-d~-Ni-d~4s transition, is small
compared to the measured 3.7 eV. In this respect
Wilson's calculations come somewhat closer to the
experimental values, namely, -3.8 eV for the
Ni-d -0-2p separation and 2. 7 eV for the gap.

An attempt to reconcile the experimental va-
lence-band structure with the results of optical
spectroscopy runs into difficulties because there
is no agreement on assignments. Since the posi-
tion of the occupied bands is reasonably well de-
scribed by the Madelung approach, and therefore
similar to that of Adler and Feinleib, '4 one is led
to similar assignments for the optical transitions.
It would be premature, however, to assume that
these assignments are unique. For example, the
4-eV band gap attributed to 3d-4s by Adler and
Feinleib has been attributed to 2p - 3d by Wilson'
and Johnson; the 6-eV structure may be due to
2p-4s according to Wilson and Messick et al. ,
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although the 3d-3d charge transfer transition has
also been placed in this range. Unfortunately, the
interpretation here remains far from clear.

Cupric Oxide, CuO, 3d9

The situation in this compound is quite similar
to that in NiO. There are strong satellite lines in
the core electron spectra. Valence-band data ex-
hibit structure that correlates well with the core
electron satellites. ' The satellite structure

falls 6 eV below the location of the 0-2p valence
band expected according to the Madelung Calcula-
tion, or found in Cu~O. It would appear that this
shift is too large to be accounted for by p-d hybrid-
ization, but molecular cluster calculations for
Cu06' again reproduce all the features of the ex-
perimental data.

DISCUSSION

In many materials XPS measurements clearly
reveal the essential features of the occupied band
structure. The position of bands is obtained to
+ 0. 2 eV. Bandwidth can be measured with similar
accuracy, but the detailed structure of bands is not
obtainable at present because of the 1-eV width of
the MgKe radiation used for photoexcitation. Am-
biguities arise when structure in the valence band
matches prominent satellites associated with core
level spectra.

Comparison of core level binding energies and
valence-band centroids with values derived from
free-ion energy levels using the Madelung energy
show that these materials are sufficiently ionic so
that this approach is valid. Hybridization of metal
3d with anion 2p states can perturb these states
when there is strong p-d overlap. Such overlap is,
of course, an important feature of these materials,
as evidenced by the high Noel temperature of NiO
due to strong Ni-0-Ni superexchange.

Comparison with band- structure calculations re-
veals a number of problems. Tight-binding calcu-
lations, exemplified by those for NiS, apparently
do not yield an accurate picture of the valence-
band region. APW calculations fail to reproduce
the relative positions of anion and cation derived
levels accurately. The anion 2p to metal 3d sepa-
rations is generally too large, while the metal 3d
to 4s separation is too small. These difficulties
may be traced to the lack of self-consistency in
these calculations, but one may nevertheless as-
sume that they give a reasonable picture of the
bandwidths.

The shape and width of the d bands in the mon-
oxides is certainly the most interesting (and con-
troversial} question. Two of the bands, those of
NiO and CoO ciearly have components less than 1
eV in width, but it is clear that this is not the en-
tire d band. A guide to the interpretation of these
d band spectra is provided by the calculations of
Johnson et al. ~~ and the systematics of Wilson. ~

The latter suggests that the shoulder corresponds
to the spin-up g~ band. A similar conclusion can
be reached under the assumption that the final
state of photoionization is localized. One can then
analyze the photoemission process in terms of the
crystal-field splitting of the final states, which
are the states of Ni~, 3d~. The states produced
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pIG. &p. The 3d" —3d" 4g gap energy in transition-
metal oxides according to Refs. 31, 32, and 36.

by photoionization of the ~A~ state of Ni include
4T&, E, and T. On the Tanabe-Sugano diagram
'T& and ~Z are degenerate at Dq/B -2, the value

appropriate for Ni~, and corresponds to the main
line of the photoemission spectrum. The T state
lies at E/B-20 and corresponds to the shoulder.

XPS measurements on TiO and VO have not been
made because of surface oxidation. We therefore
have no new experimental information bearing on

the question why these two oxides are metallic,
but soft x-ray emission spectra are available.
Heine and Mattheiss have suggested that metallic
conductivity is due to the meeting of the 4s and 3d
bands, rather than to the breakdown of Mott insu-
lation. Although the band separations are not re-
liably given by the APW calculations, the empiri-
cal data of Wilson' seem to support this interpre-
tation. On the other hand, White and Mott ques-
tion this interpretation. Their position is sup-
ported by the data in Fig. 10, which compares the
d" —d" ' 4s gap calculated by Mattheiss, 36 with

that obtained from atomic optical spectra, ' and

that measured directly in NiO, CoO, and MnO. 3~

Although the data are so far very limited, it looks
as though the atomic spectra give a better guide to
the d-s gap of the oxides than the APW calculations.
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APPENDIX

The problem will be sketched briefly with re-
spect to 2(d )-d'+d . An upper limit for the en-
ergy of this excitation can be obtained from the
atomic energy levels. 3' The ionization potential
of Ni (3ds) is 36 eV and that of Ni~(3d ) is 18 eV,
thus the above transition requires 18 eV of energy.
This, of course, grossly overestimated the amount
of energy required in the solid, because it neglects
screening which is certainly present in the solid.
We shall try to estimate this screening in various
ways. + First of all, we assume that the 4-eV
band gap in NiO is the energy required to produce
a 3d'4s state out of a 3d state. The 3d'4s state
is a band state in which the electron has the ability
to move through the crystal. ' This of course cre-
ates charge fluctuations on other Ni ions of the type
3d 4s. This state lies within 1 eV of a free ion
3d9 state. This then would yield an estimate 4 eV
for the process 2(d~)-d'+d'.

Another estimate can be obtained as follows. As-
sume NiO is a metal by virtue of an extra electron
in its 4s state, thus producing d 4s states. Now it
takes -4. 5 eV to produce a d 4s state and one
gains 0. 5 eV in going to the d state giving a total
of -5 V for 2(ds)-d7+d9. (Here we have used the
values for atomic Co' because those for Ni' are not
available, but for an order of magnitude estimate,
the errors introduced by this procedure should not
be relevant. )

These estimates, inaccurate as they may be,
show that in transitions which involve the transfer
of an electron, the energies which one would esti-
mate from a free-ion picture have to be reduced
considerably because of charge fluctuations. 7

Estimates for U in the literature vary between
wide limits. Adler and Feinleib 4 give 13 eV,
Messik, Walker, and Glosser give 5.9-8.4 eV,
Wilson gives 4 eV, and Austin and Mott give
1-5 eV.
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