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We have performed angle-resolved photoemission experiments and density-functional band calcula-
tions for NiO and CoO. The measured oxygen bands are in excellent agreement with the calculation,
but the measured cation 3d dispersion is only about 25% of the calculated one. We have also demon-
strated the effects of the antiferromagnetic order on the electronic structure of these materials.

PACS numbers: 72.80.Ga, 71.30.+h, 75.20.Hr, 79.60.—i

For years, the electronic structure of transition-metal
mono-oxides like NiO and CoO has been a focal point in
condensed-matter physics.!”> This problem has drawn
more attention as a result of the discovery of high-
temperature superconductors,’ since it is widely believed
that a key to the understanding of the high-temperature
superconductivity is the electronic structure of trans-
ition-metal oxides. There are three interesting aspects of
the electronic structure of NiO and CoO: correlation
effects, antiferromagnetic (AF) order, and translational
invariance. The correlation effects, caused mainly by the
strong Coulomb interactions, are well known in these
materials. They are stated by many as the main cause of
the breakdown of the one-electron picture in these ma-
terials, which resulted in the introduction of the now
famous Mott-Hubbard picture of insulators.*® The AF
order is also an interesting correlation phenomenon
occurring in these oxides. NiO and CoO are AF insula-
tors below their Néel temperatures (T ) at 525 and 289
K, respectively. From the standpoint of the one-electron
band theory, it is essential to include the AF order in the
calculation.”® As a crystalline material, the translation-
al invariance plays an interesting role in the electronic
structure. Among these aspects, the correlation effect is
the most extensively discussed and controversial is-
sue.*'% Spectroscopically, Sawatzky and Allen conclud-
ed that the correlation effects are very strong in NiO, so
that it is not a band insulator.’ However, Brookes e? al.
recently concluded that CoO is a band insulator.'® Un-
like the issue of the correlation effect, the aspects of the
AF order and translational symmetry have remained ba-
sically unexplored experimentally except for the recent
effort on CoO.'?

In this paper, we explore all three aspects of the elec-
tronic structure of NiO and CoO by performing angle-
resolved photoemission experiments as well as density-
functional band calculations with and without AF order.
Our results can be summarized as follows: (a) Oxygen
bands are very well described by the band theory for the

AF state, but not for the paramagnetic state. (b) The
states of mainly 34 origin show some dispersion, but it is
less than 25% that of the band calculation, indicating
that one has to go beyond the one-electron picture to de-
scribe the 3d bands. On the other hand, this dispersion
is large enough to suggest a real need to extend the clus-
ter model to include the lattice effect. Based on these re-
sults, we argue that NiO and CoO are not band insula-
tors.

The angle-resolved photoemission experiments were
performed on the Seya-Naminoka beam line I1I-2 with a
VG ADES 400 system. The photoelectrons were collect-
ed at normal emission, and 45° photon incident angle is
used. The NiO and CoO were cleaved in situ (pressure
<2x107'° Torr), with their [001] surface verified by
LEED. The experiments were carried out at room tem-
perature which is well below the T of NiO, and slightly
above the Ty of CoO as described in a longer paper.'!
The first-principles density-functional band-structure
calculations used the local potential of von Barth and
Hedin.'? The calculations were performed by the
scalar-relativistic self-consistent linear-muffin-tin-orbital
method of Andersen'? in the atomic-spheres approxima-
tion including the combined correction term and with a
minimal basis set in the standard way.'*

Figure 1 presents results of normal-emission data from
the NiO [001] surface. Four prominent features are ob-
served in the experimental data, which are assigned as A,
C, D, and E, respectively. The features £ and D show
strong dispersions and intensity modulations as a func-
tion of photon energy, which is consistent with the earlier
assignment that these are oxygen features.!> The
feature E starts at lowest energy near 17-19-eV photon
energies, then shifts monotonically towards higher ener-
gy until near 26 eV, where its behavior becomes compli-
cated. At photon energies of 27 and 28 eV, it shows
some backbending (moves to lower energy), and the
backbending peaks fade very quickly (circled points).
This bending point cannot be a critical point as will be
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FIG. 1. Normal-emission data from the NiO [001] surface
recorded at photon energies between 13 and 35 eV.

justified later and another branch of this feature contin-
ues to shift to higher energy after 26-eV photon energy
(as indicated), where it merges with the features C and
D. The other oxygen feature D starts at photon energy
of 15 eV and shifts monotonically towards higher energy
until it merges with the feature C, which remains basi-
cally nondispersive. The feature 4 shows a small disper-
sion of about 0.3 eV but a strong intensity modulation.
Using an effective mass of 0.95m, and an inner poten-
tial of —8 eV,!® we obtain an experimental E vs k rela-
tion which is presented in Fig. 2(a) together with the
calculated paramagnetic bands. The data points in the
form of crosses are obtained from off-normal-emission
data to be published in a follow-up paper. In a normal-
emission experiment, one can only observe the Al and AS
bands with fourfold symmetry surface.'” Hence, the
features E and C correspond to Al and AS oxygen bands,
respectively, and they are in excellent agreement with
the calculated bands. Our calculated oxygen bandwidth
(A1) is significantly (1.6 times) larger than that of ear-
lier calculation.'® The k value of the feature E at 26-eV
photon energy is about 0.2I'X, so that the backbending
of the feature E (points circled) at photon energies of 27
and 28 eV are not caused by reaching the zone edge. To
understand this, in Fig. 2(b) we show results of our self-
consistent calculation with the AF magnetic order incor-
porated. For the oxygen bands of Al and A5 symmetry
(dark curves), an effect of the AF order on oxygen band
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FIG. 2. (a) The experimental E vs k relation together with
results of a nonmagnetic self-consistent density-functional
band calculation; the data points in the cross form are obtained
from off-normal-emission data not included in Fig. 1. (b) The
results of the band calculation but with the AF order incor-
porated.

is the small splitting of the “A1” bands caused by the re-
pelling between the two Al bands, as indicated by the
circle. The backbending of the feature E (circled) is
most likely caused by this magnetic splitting, which may
also explain why it fades away so quickly. This assign-
ment is further supported by the data points (crosses)
from the off-normal-emission measurements. The posi-
tion of the backbending point in k space, which is basi-
cally the crossing point of the Al band and a folded flat
band, does not agree exactly with the theory. This
discrepancy is most likely caused by the fact that the flat
band is pushed too low because its hybridization with the
3d bands is overestimated by the band calculation due to
neglected correlation effects. Nevertheless, this result is
an excellent demonstration of the effects of the AF order
on the electronic structure, which is usually very hard to
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observe. Because we can observe the effect of the AF or-
der on the oxygen bands, it is very reasonable to expect
that the effects of the AF order on the cation 3d bands
are strong.

We now turn to features A and C which are Ni-3d de-
rived bands. The first possible explanation is that the
feature A is due to the emission from the 1 and 5 bands
while the feature C is due to one-dimensional density of
states (ODDS) associated with the critical point at X for
the 2' band.!” The experimentally observed energy
dispersion (~0.3 eV) is only about 25% of that of the
calculated energy dispersion (~1.2 eV). This we attri-
bute to correlation effects which include the large on-site
Coulomb interaction and the AF order. Interestingly,
the measured critical point appears to coincide with the
I' point of the calculation. As pointed out earlier, the
data should, in principle, be compared to the AF 3d
bands which are very complicated. The AF bands are
basically a superposition of the paramagnetic bands of
Fig. 2(a) with the folded bands from =/a(111) to
n/a(311), which is then modified near the crossing points
of the bands. Not all the bands are allowed to be seen at
normal emission by their symmetries. Similar to the ox-
ygen data, the total dispersion of the “Al1” and “A5”
bands, which are the ones that can be seen in photoemis-
sion, is approximately unchanged. Hence, the con-
clusions we have drawn are still correct. The problem
with this interpretation, however, is that the feature C is
too strong. Another possible explanation of the features
A and C can be found in a cluster calculation, which
gives two peaks at approximately correct energies due to
photoemission final states of d®L and d°L2.%° This lo-
calized picture can explain very well the valence-band
satellite which is clearly a difficulty for the band
theory,”?° but it ignores the lattice effect completely. In
essence, we are comparing our data with results from
two different theoretical approaches, delocalized bands
theory and completely localized cluster calculation.
Even though we cannot pin down the exact origin of the
features 4 and C, the general conclusion of the discus-
sion is clear: The observed d-band dispersions are about
25% or less than the predictions from the band calcula-
tion, but they are large enough to suggest a real need of
extending the cluster model to the Anderson lattice
Hamiltonian.

In Fig. 3 we present the experimental and theoretical
E vs k relations for paramagnetic CoO, with some of the
experimental spectra as an inset. Similar to the NiO
case, the oxygen bands are in excellent agreement with
the calculation, while the d bands are significantly nar-
rower. This conclusion differs from that of Brookes et
al., even though our experimental data are consistent
with theirs.'® We can still see the magnetic backbending
at 27 eV (circled point), though the long-range AF order
has been destroyed. This is caused by the effects of a lo-
cal AF order that defines “local bands,” as is supported
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FIG. 3. Experimental E vs k relation together with results
of a nonmagnetic band calculation for CoO.

by many of other experimental observations.'' Such a
local magnetic order has also been observed by photo-
electron diffractions from MnO and other Mn com-
pounds. %!

Finally, we discuss the implications of our result on
the current research of these oxides as well as high-T.
superconductors. The most important implication of our
results is that it sets a boundary condition for future
theoretical efforts to calculate the bands of highly corre-
lated materials like NiO and CoO, which has become a
major task in condensed-matter physics research with
the discovery of the high-T, superconductors.?? If one
starts with the results of the band calculation and then
modifies the bands by a self-energy correction or renor-
malization as one would do in simpler materials, 2 this
correction must be such that the 3d-band dispersions are
reduced by a factor of 4 or so, while the O 2p bands
remain essentially unchanged. On the other hand, one
may also start with the cluster calculation and then in-
corporate in the lattice effects, then one has to obtain
about 0.3- and 4-eV dispersions for 3d and 2p states, re-
spectively. The effects of the AF order on electronic
structure is also of great relevance in the field of high-
temperature superconductivity, where a growing amount
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of experimental evidence suggests that the local magnet-
ic order persists in the superconducting phase and its im-
plications on the electronic structure have also been ex-
plored theoretically.?4-2¢

To summarize, we have performed angle-resolved pho-
toemission and density-functional band calculations for
NiO and CoO to explore some aspects of correlation
effects, AF order, and translational symmetry of the
electronic structure. We show the following: (a) The
oxygen states agree very well with the AF band calcula-
tion, but not the paramagnetic band calculation. (b)
The states of mainly 3d origin show some dispersion, but
its magnitude is only 25% that of the band calculation,
indicating that one has to go beyond the one-electron
band picture to explain the 3d bands. On the other
hand, this dispersion is large enough to suggest a real
need to extend the cluster model to include the lattice
effect.
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