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We have performed angle-resolved-photoemission experiments and local-density-functional (LDA)
band calculations on NiO to study correlation and band effects of this conceptually important com-
pound. Our experimental result suggests a dual nature of the electronic structure of NiO. On the one
hand, the LDA band calculation has some relevance to the electronic structure of NiQ, and the inclusion
of the antiferromagnetic order is essential. For the lower O 2p bands, the LDA calculation agrees al-
most perfectly with experimental energy positions and dispersion relations. On the other hand,
discrepancies between the experiment and the LDA calculation do exist, especially for the Ni 3d bands
and the O 2p bands that are heavily mixed with the Ni 3d bands. It appears that the main discrepancies
between the experimental results and the LDA calculation are concentrated in the regions of the insulat-
ing gap and the valence-band satellite. In addition to these results, we also report the interesting angle
and photon-energy dependence of the satellite emission. The above results show that the angle-
resolved-photoemission studies can provide much additional information about the electronic structure
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of correlated materials like NiO.

I. INTRODUCTION

In two recent short papers, we have briefly reported
some of our recent angle-resolved-photoemission studies
of NiO."? The primary issues we discussed were the
effects of both correlation and translational symmetry,
the influence of antiferromagnetic order on the electronic
structure, as well as the experimental observation of ener-
gy dispersions of the valence-band satellite. In this paper,
we provide more detailed information about these impor-
tant issues.

The electronic structure of NiO has three interesting
aspects: the correlation effect as a result of the strong
Coulomb interaction, the band effect as a result of the
translational symmetry, and the influence of the antifer-
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romagnetic order (which is another form of the interest-
ing correlation effects and is related with the large
Coulomb interaction). Among the three interesting as-
pects of the electronic structure of NiO, the correlation
effect due to the large Coulomb U has previously been the
most extensively studied issue.

Because of its correlated nature as a result of the large
Coulomb U, NiO has continuously been at the center of
the controversy between the localized Mott-Hubbard pic-
ture and the one-electron band picture for a class of ma-
terials often called Mott insulators.?~> As is well known,
one milestone in modern solid-state physics was the de-
velopment of the one-electron band theory which reduces
the complicated many-body physics problem of the real
solid into a problem of a single electron in the average
potential of ions and other electrons.”® For years, band
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theory has proven to be very successful in explaining
many physical and chemical properties of a large class of
solid materials, especially for simple metals and semicon-
ductors. Band theory also provides us with the basic con-
cept of metals and insulators: a metal corresponds to a
material which has a partially filled band, while an insula-
tor corresponds to a material which has a gap between
filled bands and empty bands.

However, it was recognized soon after the invention of
the band theory that a certain class of materials
(represented by NiO and other transition-metal mono-
oxides) cannot be described by the simple band theory.
According to the band theory, they should be metals, but
are experimentally found to be insulators. This problem
of band theory has been a focal point of condensed-
matter physics research for a long time.*~> Currently,
two very different view points exist to explain this prob-
lem, leading to great controversy. On the one hand,
Mott, Hubbard, and Anderson have argued that this
failure of the one-electron picture to predict an insulating
nature for these oxides is due to the intrinsic limitation of
the one-electron approach. These materials are strongly
correlated because of strong Coulomb interaction among
the 3d electrons, so that the one-electron approximation
breaks down.’”!! Based on a simple hydrogenlike model,
Mott illustrated that the simple band picture breaks
down and a gap opens when the Coulomb interaction en-
ergy (U) is larger than the bandwidth (W).° This is why
these oxides are often called Mott insulators.

On the other hand, Slater argued that this failure of the
one-electron band theory to predict an insulating ground
state was related to certain approximations in the calcu-
lation, but was not because of the band theory itself.!?
He recognized that a Mott insulator often has an antifer-
romagnetic order below its Neel temperature; therefore,
this magnetic order should be included in the calculation.
This is the so-called Slater antiferromagnetism approach
or the spin-polarized band calculation.'>!* In fact, some
recent sophisticated spin-polarized band calculations give
small gaps for materials like NiO,'* and this was regarded
as a demonstration of the success of the one-electron
band theory.”> However, even though the calculation
gave some correct answers for the ground-state proper-
ties of NiO (not for the magnetic moment, though) it pre-
dicted a gap value of 0.2 eV, which is an order of magni-
tude smaller than the experimental value of about 4
eV.1>16 This problem with the band gap has been a ma-
jor difficulty in attempts to describe NiO with band
theory.

During the last decade, photoelectron spectroscopy
(PES) was extensively used to understand the excited
properties of the transition-metal mono-oxides.!6™28
Based on results of spectroscopic data, Sawatzky and Al-
len, Fujimori and Minani revised the Mott-Hubbard
description of these insulators.'®!” In this revised pic-
ture, the p-d charge transfer which involves the energy A
is considered, as well as the d-d charge fluctuation which
involves the Coulomb energy U. Therefore, as a first-
order approximation, we have the following picture for
the insulator: the localized 3d bands are split into the
upper and the lower Hubbard bands separated by the
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Coulomb energy U with the lower Hubbard band filled
and the upper Hubbard band empty. The oxygen band
resides in between the upper and lower Hubbard band
and forms a charge transfer gap with the upper Hubbard
band. An important piece of spectroscopic evidence to
support this revised picture of NiO is the existence of the
valence-band satellite and its resonance behavior near the
Ni 3p-to-3d absorption edge.!*?>?° This picture of NiO
has been widely accepted with few exceptions.®® Since
the discovery of the high-temperature superconductors,
this same picture of Mott insulators was extensively used
to interpret the spectroscopic data,*’ ~** and to construct
microscopic models for the cuprate superconductors.®

Unlike the correlation effect, both the band effect due
to the translational symmetry and the influence of the an-
tiferromagnetic order on the electronic structure remain
basically unexplored experimentally. To the best of our
knowledge, no real angle-resolved-photoemission experi-
ments have been performed on NiO to study the band
effect until our recent studies.’?3¢ The effects of the
influence of the antiferromagnetic order on the electronic
structure have never been explicitly addressed experimen-
tally.

The purpose of this detailed angle-resolved-
photoemission study of NiO is to address these three in-
teresting aspects of the electronic structure in a coherent
way. Our approach was to compare the angle-resolved-
photoemission data with the result of band calculations.
We performed the experiment and the analysis of the
data in the standard way, as one would do for simple
noncorrelated materials. In this way, we could test the
ability of the simple one-electron band theory to explain
the electronic structure of NiO. We want to emphasize
that the bands which we will call d-bands in our compar-
ison with the band calculations are the bound states of
mixed d®L, d°L?, and d’ characters in the cluster picture
discussed in the last two paragraphs. Here L stands for a
ligand hole. As will be discussed in detail in Sec. VII, we
call those bands d bands only because it is easier for the
comparison if we use the band language. To address the
issue of the antiferromagnetic order more explicitly, we
compared the experimentally obtained bands with results
of both nonmagnetic and antiferromagnetic band calcula-
tions.

In general, our experimental data have given mixed re-
sults as to the correct description of the electronic struc-
ture of NiO: both localized and band effects clearly exist
in our experimental data. On the one hand, the local-
density-functional (LDA) band calculation certainly has
some relevance to the electronic structure (as measured
by photoemission) of NiO. It gives the essentially correct
energy separations between the occupied Ni 3d and the O
2p bands. For the Ni 3d bands, the LDA calculation
gives the basically correct relative energy positions of the
individual bands. For the lower O 2p bands, the LDA
calculation agrees almost perfectly with both the experi-
mental energy positions and the dispersion relations. On
the other hand, discrepancies between the experiment
and the band calculation do exist. The main discrepan-
cies between the experimental result and the LDA calcu-
lation appear to be concentrated in the energy regions of



3606

the insulating gap and the valence-band satellite.

In addition, the comparison of our data with both the
nonmagnetic and the antiferromagnetic bands unambigu-
ously demonstrates that the inclusion of the antiferro-
magnetic order is essential for the electronic structure of
NiO. The antiferromagnetic LDA bands agree with the
experimental data significantly better than the nonmag-
netic LDA bands. Finally, we have also made an in-
teresting observation of the energy dispersion for the
valence-band satellite, which is often regarded as a sym-
bol of the localized nature of NiO. This again is con-
sistent with the dual picture inferred from a direct com-
parison between the data and the band theory.

These experimental results show that angle-resolved-
photoemission experiments can provide much new infor-
mation about the electronic structure of materials like
NiO. We hope this work will stimulate more angle-
resolved-photoemission experiments on this and other
Mott insulators, which will guide the theoretical efforts
to improve our understanding of these conceptually im-
portant materials. As the same time, we also call for
more theoretical efforts to account for the dual picture
we have found here. This may involve either incorporat-
ing the correlation effects into the band calculations or
incorporating the band effects into the localized models.

This paper is organized in the following way: In Sec.
11, we give details of the experimental setup, theoretical
calculation, and the method of analysis of the experimen-
tal data. In Sec. III, the normal emission data from NiO
(100) are presented, and in Sec. IV, off-normal-emission
data from NiO (100). In Sec. V, we show results of off-
normal-emission experiments along NiO (110). In Sec.
VI, we present the experimental observation of the ener-
gy dispersion of the valence-band satellite. In Sec. VII,
we discuss our results. Section VIII contains the con-
clusions of our work.

II. EXPERIMENTAL AND CALCULATIONAL
DETAILS

The angle-resolved-photoemission experiments were
performed in three experimental runs at the Stanford
Synchtrotron Radiation Laboratory (SSRL) at Stanford,
California; the Synchrotron Radiation Center (SRC) at
Stoughton, Wisconsin; and the National Synchrotron
Light Source at Brookhaven, New York.

The experiments at SSRL were performed on the 18°
Seya-Naminoka beam line III-2 with the photon energy
ranging from 10 to 35 eV. The photoelectrons were col-
lected and analyzed by a hemispherical energy analyzer
with +2° angular resolution in a Vacuum Generator (VG)
ADES 400 system. The single crystal of NiO was cleaved
in situ (base pressure <2X10 !9 Torr), and its (100)
cleavage surface was verified by low-energy electron
diffraction (LEED). The photoemission measurements
were carried out at room temperature, which is well
below the Neel temperature (7T ) of NiO (550 K). The
surface normal of the crystal was determined by a laser
beam, and the 45° photon incident angle was used in this
case, giving relaxed selection rules. The combined energy
resolution of both the analyzer and the monochromator
was better than 0.3 eV.
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The experiments at SRC were performed on the
Minnesota/Argonne/Los Alamos extended-range grass-
hopper beam line with photon energies above 40 eV (all
the data with photon energy larger than 40 eV were ob-
tained during this run except for data in Figs. 19 and 20).
The photoelectrons were collected and analyzed by a
hemispherical energy analyzer with *£1° angular resolu-
tion in a Vacuum Science Workshop (VSW) chamber.
The single crystals of NiO were cleaved in situ with a
base pressure better than 2X 107 !° Torr. The measure-
ments were again carried out at room temperature. The
surface normal of the crystal was determined by laser
light reflections. This was then verified by making sure
that the spectra were symmetric about the normal. The
(100) cleavage surface (which is the natural cleavage sur-
face of NiO) was checked by its Laue pattern before and
after the angle-resolved-photoemission experiments. The
orientations of the two {100) axes within the (100) sur-
face for off-normal-emission experiments were also deter-
mined by Laue prior to the photoemission measurements.
Various photon incident angles were used in this case,
which will be indicated in each of the individual data sets
as they are presented. The combined energy resolution of
the photon source and the spectrometer was about 0.15
eV for the data presented here. Even better energy reso-
lution (0.08 eV) was tried, but that did not enhance our
ability to resolve the details of the bands. This indicated
that the intrinsic width of the bands are the resolutional
limitation.

The experiments at Brookhaven were performed on the
Los Alamos extended grasshopper beam line with photon
energies above 40 eV. The same VSW chamber was used
to perform the experiment (data presented in Figs. 19 and
20). The chamber base pressure was 3X 107 '° Torr, and
the experiments were performed at room temperature.
The surface normal of the crystal in this case was deter-
mined by a laser. The overall energy resolution of the
system in this case is 0.3 eV or better.

Because the energy bands along the directions we mea-
sured were not available in the literature, we had to recal-
culate them. The calculation and the experiment were
carried out independently. These first-principles density-
functional band-structure calculations used the local po-
tential of von Barth and Hedin.*” The calculation were
performed by the scalar-relativistic self-consistent linear-
muffin-tin-orbital method of Andersen in the atomic-
spheres approximation including the combined correc-
tion term and with a minimal basis set in the standard
way.’®3 The calculated antiferromagnetic bands (AF II)
are basically the same as the earlier result by Terakura
and co-workers.!® The largest difference is that in our cal-
culation, the separation between the oxygen p bands and
the nickel d bands is 0.2 eV smaller than in Ref. 13. This
small discrepancy could be due to the fact that the some-
what different exchange-correlation potentials used in the
two calculations differ in detail. The nonmagnetic band
presented here is very different from the earlier non-self-
consistent calculation.*’

The standard data-analysis procedures for angle-
resolved photoemission were used to extrapolate the E vs
k relations of NiO.*! % The method of data analysis we
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adapt here has been very extensively used in semiconduc-
tors and simple metals. In cases such as Cu and GaAs,
this method has worked very well.**** An important ap-
proximation is the use of free-electron final states, which
is usually regarded as a fair approximation for photon en-
ergies higher than certain values [in the cases of Cu and
GaAs, for example, the free-electron final-state approxi-
mation is regarded to be a good approximation for pho-
ton energies higher than 22 eV (Refs. 42, 44, and 45)].
Another point which is usually not explicitly assumed is
that the peaks observed in the photoemission spectra are
due to direct transitions (i.e., k-conserved transition) be-
tween the initial state and the final state. This is true
only because the photon momentum is almost negligible,
as compared with the momentum of the photoelectrons
in the photon energy range used. Indirect transitions do
occur in the photoemission spectra, but they are usually
weak in intensity, and are often related with the so-called
one-dimensional density of states.*

In the case of normal emission, the formula to calcu-
late k, is k, =0.511"m*(E —E,). Here E is the energy
of photoelectron reference to E, E, is the inner potential
which usually is a fitting parameter, and mJ is the
effective mass of the final state. In the calculation, we
take E,= —8 eV, which is a very reasonable value for the
inner potential,““’45 and is consistent with an earlier study
of Co0.*® Therefore, E can be regarded as a constrained
fitting parameter. For the free-electron final-state ap-
proximation to be reasonable, the value of m ) should be
roughly in the range of 0.8—1.2. In our case, we chose a
value of 0.95 to fit the I" point of the Al oxygen band for
our earlier normal-emission data;' we stick with this
number for the sake of consistency. Our results are not
very sensitive to small variations of m} (e.g., all the con-
clusions remain the same if we change m, from 0.95 to 1).

In the case of off-normal emission along {100), the
formula to calculate the k; is k, =0.511"m, E,;,(sinf).
Here both E,;, and the emission angle 6 are directly
measurable quantities. A very important point here is
that the inner potential value does not enter the relation
directly. Therefore, this provides an important test on
whether the inner potential value we have chosen for the
normal emission data is reasonable or not. As will be
shown later, the normal-emission data and the off-
normal-emission data have excellent consistency, espe-
cially for the best determined Al oxygen band. This con-
sistency gives us confidence in our interpretation of the
experimental data.

The off-normal-emission measurement on NiO has a
complication that the normal-emission measurement does
not. Because NiO is a three-dimensional material, we
have to change the photon energy and the emission angle
at the same time so that we can keep k, constant. In this
way, a direct comparison with the band calculation
is possible. The off-normal-emission experiments
along (110) were performed in two different geometries
as illustrated in Fig. 1. The formulas for k; in
the two _cases are k, =0.51Y"m,E,;,(sing)V'2;
k,=0.51V"m,E,;,(sinf).

In all cases, the k value obtained is plotted out in units

3607

[001]

Electron
Photon\ a

10]

[110]

[100]

FIG. 1. Experimental geometry for off-normal-emission data
along [110]. The definitions of the angles 6 and ¢ are illustrat-
ed.

of 27 /a, and a is the lattice constant of 4.18 A. The ex-
perimental E vs k relations are plotted in the reduced
zone scheme. If the data points are not inside the first
Brillouin zone, they will be mapped back into the first
zone. (In fact, many of our data points are in the second
Brillouin zone.) Because NiO has the fcc structure, the
length of the reciprocal lattice vectors along (100) and
(110) are 4m/a and 4V2r/a, respectively. Further-
more, the data points are plotted in only half of the first
Brillouin zone (say, for I to X in the {(100) case) so that
the points in the other half of the zone will be mapped
over by assuming the bands are symmetric with respect
to the T" point, which is expected to be true from symme-
try considerations. In all plots, the nonmagnetic labels
have been used. It should also be pointed out that the
surface reconstruction of the transition metal mono-
oxides was found to be very small.*’ This increases the
credibility of the result of photoemission data from NiO.

III. NORMAL EMISSION FROM THE
NiO (100) SURFACE

Figures 2 and 3 present normal emission data from the
NiO (100) surface in the photon-energy range of 13-86
eV. The data shown in the two figures were recorded
from two samples where the Fermi levels were pinned at
slightly different energy positions in the gap. There are
five prominent features observed in the experimental
data, which we assign as A4, B, C, D, and E, respectively.
Feature B (in Fig. 3) has been previously interpreted as
the d7 satellite, which is pushed up to higher binding en-
ergy due to the strong on-site Coulomb interaction.'®!”
Its intensity at lower photon energies is very weak (it is
not observable in Fig. 2), and it gets stronger at higher
photon energies. This photoionization cross-section be-
havior is consistent with its Ni 3d nature. Also, its inten-
sity increases dramatically at a photon energy of 68 eV as
compared with the 64-eV spectra, indicating a resonance
behavior, which is consistent with earlier results.!%2°

The features 4 (V) and C (A) are believed to be main-
ly Ni 3d derived, and are not very dispersive. On the oth-
er hand, one can still see the effects of the translational
symmetry on feature A4 in terms of its remarkable intensi-
ty modulations. Figures 4 and 5 give details of feature 4
at normal emission. The remarkable change of the line
shape as a function of the photon energy suggests that it
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has at least three components: A’, A", and A'".
Feature C is also believed to be a mainly Ni 3d derived
feature, and is basically nondispersive. Therefore, the
total energy spread of the Ni 3d band is quite sizable
(about 2.5 eV), but the data does not indicate strong
dispersion of individual bands along this direction.
Features E (@) and D (O ) show strong dispersions and
intensity modulations as a function of photon energy,
which is consistent with the earlier assignment that these
are oxygen features.!® Feature E starts at lowest energy
near hv=17-19 eV, then shifts monotonically towards
higher energy until near Av=26 eV, where its behavior
becomes complicated. At photon energies of 27 and 28
eV, it shows some back bending (moves to lower energy),
and the back-bending peaks fade very quickly (crosses in
the circle). This bending point cannot be a critical point,
as will be justified later, and another branch of feature E
continues to shift towards higher energy after 26-eV pho-
ton energy (as indicated), where it merges with features C

Intensity (arbitrary units)

-4 12 -10 -8 -6 -4 -2 0
Energy relative to the Fermi level (eV)

FIG. 2. Normal emission data from NiO (100) in the
photon-energy range between 13 and 35 eV. The moving peak
marked by the upward arrows is due to emission from the O
LVV Auger line. The photon incident angle is 45° with respect
to the surface normal.
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and D at photon energies around 30 eV. As the photon
energy continues to increase, feature E begins to bend
back to higher binding energy. This suggests that a criti-
cal point of feature E is reached at about 30 eV. The sit-
uation for feature E near photon energies between 40 and
53 eV is complicated. There are two features observed in
the experimental data (marked by crosses). It is not clear
which one is feature E. For photon energies above 56 eV,
the assignment of the feature E is again unambiguous.
Feature D is also believed to be an oxygen feature. At
low photon energies, it disperses monotonically towards
higher energy (lower binding energy) as the photon ener-
gy increases (Fig. 2), and then flattens out at higher pho-
ton energies (Fig. 3).

Based on the experimental data presented in the Figs.
2-5, we can obtain experimental E vs k relations for the
various bands, and the results are compared with a non-
magnetic band calculation in Fig. 6(a). The absolute en-
ergy position of Fig. 6(a) is of no significance. The two
sets of experimental data from the two samples have been
rigidly slid in absolute energy to give the best position to
the calculated bands. We would like to point out that the
data points at very low photon energies should be con-
sidered with caution since the free-electron final-state ap-
proximation is expected to break down there.*> Howev-

Intensity (arb. units)

Normal Emission

TTVU IOUITUNR FOUUT UV FUUUETUUTS FOUOT TOU UOTTUUO IO
-4 -12 -0 -8 % 4 2 0 2

Energy Relative to the Fermi Level (eV)

FIG. 3. Normal emission data from NiO (100) in the
photon-energy range between 40 and 86 eV. The photon in-
cident angle is 70° with respect to the surface normal.



4 ELECTRONIC STRUCTURE OF NiO: CORRELATION AND... 3609

er, for the vast majority of the data in this figure and all
the data to be presented later, this is not a problem.

Several conclusions can be drawn immediately from
this figure. In a normal emission experiment, one can
only observe the Al and A5 bands from a fourfold sym-
metry surface.***° Hence, features E (@) and D (O) cor-
respond to Al and A5 oxygen bands, respectively, and
they are in excellent agreement with the calculated
bands. This strongly suggests that our self-consistent
local-density-functional band calculation gives a fairly
good result for the oxygen bands. This Al band is
significantly (1.6 times) wider than that of an earlier non-
self-consistent band calculation.*’

Despite the good overall agreement between the exper-
imental and calculated nonmagnetic oxygen bands, one
can see that the data points denoted by + are not pre-
dicted by the nonmagnetic band calculation. To under-
stand these data points, in Fig. 6(b) we compare the ex-
perimental data with the results of our antiferromagnetic

Intensity (arbitrary units)

Binding energy relative to the Fermi level (eV)

FIG. 4. Details of the Ni 3d band A of Fig. 2. Two com-
ponents of feature A are visible in the data.

band calculation. Since our experiments were carried out
at room temperature where NiO is in its AF state, this is
more reasonable. We may be able to explain some of the
+ data points by the effect of the antiferromagnetic or-
der. The main effect of the antiferromagnetic order on
the oxygen bands is the introduction of flat oxygen bands
which are folded in from (s /a) [111] to (7 /a) [311], and
the splitting of the original A1 band at its crossing point
with the flat band. Figure 6(c) illustrates the nonmagnet-
ic bands from [000] to (s /a) [200] and (7 /a) [111] to
(7/a) [311]. The bands in Fig. 6(b) are a superposition of
bands in Fig. 6(c) modified by the magnetic interactions.
Those data points which fall within the dashed circle may
be interpreted as due to the folded-in bands, and are
therefore the effects of the antiferromagnetic order.
However, the crossing point of the Al band and the flat
bands in the experimental data seems to be located at
higher energy and smaller k value (20% I'X from the I
point) than the prediction of the band calculation (30%
I'X from the I" point). This discrepancy is probably due
to the deficiency of the LDA in describing the Ni d

—
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£
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o
=
@
c
2
£

Energy relative to the Fermi level (eV)

FIG. 5. Details of the Ni 3d bands 4 and C of Fig. 3. The
line shape of feature A changes with the photon energy, indicat-
ing it has several components as marked.
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bands, which hybridize more strongly with the folded-in
p band. If we shift the calculated flat bands upwards,
then the experimental and theoretical results will agree
quite well. However, even with the consideration of the
antiferromganetic order, we still cannot understand the
few data points (+) which seem to be randomly distribut-
ed. The folded-in theoretical oxygen band was not ob-
served in the normal-emission data near the I" and the X
points. This result is different from the off-normal-
emission data to be discussed in the next section.

In contrast to the oxygen bands, we find that the agree-
ment between the experiment and the nonmagnetic Ni 3d
bands is not as good. Feature A is believed to be due to
emission from the Al and AS bands. The observed ener-
gy dispersion of feature 4 along {100) is much smaller
than the theoretical prediction. On the other hand, it is
interesting to note that the trend of its dispersion is con-
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sistent with the theoretical calculation (i.e., the band
moves toward higher energy as one goes from the I" to
the X point). The assignment of feature C is somewhat
complicated. If we want to stick with the nonmagnetic
bands, the only possibility is that it corresponds to the
high density of states (in the form of one-dimensional
density of states) of the 2’ band at the X point, which is
picked up only because of the finite acceptance angle of
the electron analyzer.®® The difficulty associated with
this interpretation is that the intensity of feature C is too
strong, since the 2’ band is forbidden by the selection rule
if we have an infinitely small acceptance angle. This
comparison shows poor agreement between our data and
the nonmagnetic LDA bands.

The overall agreement between the experiment and the
band theory improves dramatically if we consider the an-
tiferromagnetic order which makes the theoretical bands

y
o
3
2
3 .
£ 04 T 0.4 |
> - .
e . e
3
c
ui 5
....... B e
-0.6 -0.6 |
" -
‘0.8 -0.8
r X L L
(000) r/a(200) r/a(111) n/a(311)

FIG. 6. (a) Comparison of the experimental E vs k relations with a nonmagnetic band calculation. The absolute energies of the
two data sets from different cleaves are adjusted to give the best comparison of the calculation. (b) Comparison of the experimental
data with an antiferromagnetic band calculation. In the upper panel, the bands which are forbidden by selection rules in the normal
emission is marked by gray lines. In the lower panel, all but the two of the oxygen bands (corresponding to the nonmagnetic case) are
marked by gray lines. (c) Nonmagnetic bands from [000] to (7 /a) [200] and (7 /a) [111] to (7 /a) [311].
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flatter. A detailed comparison of various components of
feature A with the antiferromagnetic band calculation is
difficult, since the calculated bands are very complicated
(a very large number of bands are located in a small ener-
gy range). However, the experimental data seem to fall
on top of the theoretical results. There is also a flatter
magnetic band near feature C, which, in the framework
of the band theory, corresponds to feature C. This band
provides an opportunity for us to compare the data with
the theory, since it is well separated from the other
bands. Generally speaking, both the data and the antifer-
romagnetic band calculation show that the overall spread
of the Ni 3d band is quite sizable (~2.5 eV), but the en-
ergy dispersion of the individual bands is difficult to pin
down. Another interesting observation is that even
though it is predicted by the band theory, the antiferro-
magnetic band at —8 eV and the one just below E (both
are only partially shown) are not observed in our data.
The absence of the magnetic oxygen band at —8 eV may
not be very significant, since the AF effects on the deep
lying oxygen bands may be very weak, so that the AF ox-
ygen bands at —8 eV may be hardly visible. The absence
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FIG. 7. Stacks of experimental EDC’s along NiO ( 100) with
a 70° photon incident angle. The numbers marked on each spec-
trum are the photon energies and emission angles with respect
to the [100] axis in the (100) surface.
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of the Ni 3d band just below E is related to the problem
of the insulating gap. In the theoretical calculation, the
band just below Ej is empty by counting electrons (i.e., it
is above the theoretical Fermi level). Obviously, the data
show its predicted energy position is wrong, so that it is
below the experimentally determined Fermi level. This
problem of the insulating gap has long been recognized to
be a major difficulty for the band theory.

IV. OFF-NORMAL-EMISSION DATA ALONG (100)

Figures 7 and 8 present angle-resolved-photoemission
data along the NiO (100) direction with photon incident
angles of 30° and 70°, respectively. The photon energy
and the detection angle are chosen such that k, is fixed
[approximately at 2'KX (47 /a)], while k| is varied from
the T point to the X point along the ¢ IOOB direction (—8
eV inner potential and 0.95m, effective mass were used to
calculate the emission angle and the photon energy). The
two data sets presented in Figs. 7 and 8 were obtained
from the same crystal cleaved at different times. We can
see that the Fermi level was pinned at different positions
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FIG. 8. Stacks of experimental EDC’s along NiO ( 100) with
a 30° photon incident angle. The numbers marked on each spec-
trum are the photon energies and emission angles with respect
to the [100] axis in the (100) surface.
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in the energy gap. However, this will not affect our
analysis of the experimental data.

There are striking similarities between the off-normal-
emission data in Figs. 7 and 8 and the normal emission
data presented in Figs. 2 and 3. The lowest oxygen
feature, E (@), is very dispersive, just like its counterpart
in the normal emission data. From the upper spectrum
to the lower spectrum (which corresponds to going from
X to T in k space), feature E moves continuously towards
higher energy (lower binding energy) in almost exactly
the same way as in the normal emission data. Above the
hv/0 value of 59/45, the assignment of feature E be-
comes more complicated. A new branch is split off to
form a new band E” (denoted +), which we assign to the
antiferromagnetic bands (see discussion later). For the
bands with intermediate energy (—3 to —5 eV), there are
differences between the off-normal-emission data and the
normal-emission data. Instead of just two features (C and
D) in the normal-emission data, there are three features,
C, D, and E’, in the off-normal-emission data. This is
seen most clearly in the spectra at low photon energies
and emission angles (e.g., hv /6=45/35.5). The features
with higher energies (lower binding energy) are believed
to be related to features C (AA) and D (O) in the normal
emission data, and the extra feature E’ (+) is believed to
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FIG. 9. Details of features 4 and C of Fig. 7.
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be due to the AF order (see discussion later). The
features 4 (V) and C (/) are Ni 3d bands. They show
stronger intensity modulations in the off-normal-emission
data than in the normal-emission data.

Figures 9 and 10 give details of features 4 and C from
Figs. 7 and 8, respectively. The experimental curves
from the top to the bottom correspond to the crystal
momentum value from near O (I" point) to near 27 /a (X
point). From these data alone, it is difficult to judge
whether the remarkable line-shape changes are due to en-
ergy dispersion or intensity modulation. Four of the
spectra from Fig. 10 are chosen to be blown up to give a
better view of the data points (as shown in Fig. 11). Thus
we see that the statistics of the data is good enough to re-
veal the details of feature 4. In agreement with the nor-
mal emission data, the Ni 3d band feature A4 consists of
at least three components denoted by A', 4", and A4"".
This can be most clearly seen in the blown-up spectrum
of 59/45 in Fig. 11. We find that the features are much
broader than our instrumental energy resolution (0.15
eV), which reflects that the intrinsic width of the various
components of the feature A4 is quite large. This could be
due to either the lifetime broadening or the fact that each
component has several bands involved (as suggested by
the antiferromagnetic band calculation). Unlike feature
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FIG. 10. Details of features 4 and C of Fig. 8.
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A, feature C seems to have only one component. This
shows that most of the 3d bands are in the energy range
of feature A4, a reason why feature A is stronger in the
angle-integrated XPS data (where only the Ni 3d states
are detected).’!

Comparing the data of Figs. 7—11, we can also see the
strong effects of the photon polarization. For materials
with fourfold symmetry, it is established that only states
with Al and AS symmetries are observable in the normal
emission experiments.***° The states with Al symmetry
will be observed if the polarization of the light is normal
to the crystal surface, while the states with A5 symmetry
will be observed if the polarization of light lies in the
crystal surface. In the case of off-normal-emission experi-
ments, no such rigorous selection rules exist. However,
we can still obtain some information about the symmetry
of the states by varying the photon polarization. With
the same emission angle, the emission intensity of states
with Al (AS5) symmetry is stronger with the photon po-
larization perpendicular (parallel) to the surface. Feature
E (@) is much stronger in the 70° incident-angle data as
compared with the 30° incident-angle data, suggesting an
off-surface symmetry (Al) for it. On the contrary,
feature E’ (+) is stronger in the 30-incident-angle data
as compared to the 70°-incident-angle data. Similarly,
feature A" is stronger in the 70%-incident-angle spectra
relative to features A’ and A'", indicating it has off-
surface symmetry or the others have the in-surface sym-
metry.
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FIG. 11. Selected spectra from Fig. 8 to demonstrate that at
least three components of feature 4 were resolved.
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From these data, we were able to obtain experimental
E vs k relations. Figures 12 and 13 present the experi-
mental E vs k relations together with band calculations
for data obtained with the photon incident angles of 70°
and 30°, respectively. In Fig 12, the experimental data is
compared with both the nonmagnetic as well as the anti-
ferromagnetic LDA calculations. When the data is com-
pared with the nonmagnetic bands in the upper panel, we
can see that the experimental E band (@) agrees with the
A1l band very well except for a few points near I'. The
experimental 3d bands are very flat, but their relative en-

Energy (eV)

- Incident angle: 70°

-8 F -

1 1 1 ] 3 | i | 1

0 0.2 0.4 0.6 0.8 1
r Crystal Momentum (units of 2n/a) X

FIG. 12. E vs k relation from data in Figs. 7 and 9 in com-
parison with (a) the nonmagnetic and (b) the antiferromagnetic
LDA band calculations.
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FIG. 13. E vs k relation from data in Figs. 8 and 10 in com-
parison with the antiferromagnetic band calculation.

ergy positions fit the calculation quite well. However, in
the energy range between —2 and —5 eV, agreement be-
tween the experiment and the nonmagnetic band is poor.
There are three experimental bands observed, in contrast
to only two theoretical bands.

Now we turn to the comparison between the experi-
mental data and the antiferromagnetic band calculations.
Immediately, we can see that the agreement between the
experiment and the theory is improved by considering the
antiferromagnetic order: (a) The AF order makes the 3d
bands flatter and thus improves the agreement between
the experiment and the theory. (b) With the inclusion of
the AF order, we can at least understand the reasons why
there are extra bands like E' (+) and E’' (+). They are
probably related to the flat band crossing the Al oxygen
band near —5.5 eV, which is folded back from (/a)
[1,1,1] to (7 /a) [3,1,1] as a result of the antiferromagnet-
ic order along the [111] direction. The fact that the mea-
sured band lies higher than the calculated band indicates
that the LDA calculation overestimates the p-d hybridi-
zation energy (as a result, the flat band is pushed too low
by the band calculation since it has more 3d character).
From these data we can also see that the effect of the an-
tiferromagnetic order on the oxygen bands is more visible
in the off-normal-emission data than in the normal-
emission data. In the normal-emission data, the folded-in
oxygen band is not observed near the I" and the X points.

As shown in Fig. 12(b), it is interesting to note that the
experimental data points fall on top of the calculated
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bands. The energy separation between the 3d and 2p
bands from the experimental data is in good agreement
with the calculated result. This is very different from the
earlier result that one has to shift the calculated 3d spec-
tral weight by about 2 eV to fit the angle-integrated ex-
perimental data.’? It appears that the incorrect con-
clusion was drawn by misinterpreting the angle-
integrated photoemission data. Since the angle-resolved-
photoemission data provide much more detailed informa-
tion about the band structure than the earlier angle-
integrated photoemission data, we feel very confident
about the new result. Furthermore, the fact that we can
see several components in feature 4 but only one com-
ponent in feature C is also in agreement with the calculat-
ed result that there are more bands in the energy range of
the feature 4.

Feature E (@) agrees with the calculated Al band al-
most perfectly except for the points near I', indicating
that the LDA calculation describes the oxygen band very
well. The disagreement between the experimental and
theoretical E band near the I" point is different from the
normal emission data where the agreement between the
two is very good. Even though it is difficult to be abso-
lutely sure about all the reasons behind this, the following
experimental difficulty is certainly a contributing factor:
During the off-normal-emission measurements, we hoped
to fix k, to the I' (k, =2n'KX) point. In reality, howev-
er, this is very difficult to achieve with high precision be-
cause of various experimental constraints. For example,
there are several peaks in each spectrum with different ki-
netic energies (they could differ in kinetic energy by
about 6-7 eV), it is then impossible to choose a set of
photon energy and emission angle that will fix k, of all
the peaks (corresponding to different bands) at the I'
point. Therefore, k; could deviate from the I" point by as
much as 10%. Thus, in the E vs k” figure we have here,
the k; =0 point might not coincide exactly with the I'
point of the band theory. Since the band energy (of the
A1 band, in this case) changes with the uncertainty of k
most sensitively near the I' point, it is very reasonable
that the problem is most severe there. In the normal-
emission experiment, it is much easier to make sure that
k; =0, then the I" point will be reached when k;=0. In
this sense, the normal-emission data is more reliable. In
addition, due to the proximity of the other bands to the E
band at the " point, the error bar of the energy position
of this band becomes larger.

We believe feature D (O) is the A5 oxygen band which
appears to lie higher in energy than the calculation. This
result is somewhat different from the normal-emission re-
sult of Fig. 6 and the error in k; could again be a prob-
lem. Feature C (/\) is believed to be related to the lowest
Ni 3d band, which is well separated from the other 3d
bands so that it is the best candidate to compare with the
theory. If this is correct, then the experimental 3d band
is clearly narrower.

As we have discussed earlier, feature 4 (V), which
consists of three components, represents the main part of
the 3d bands, where many bands are squeezed together in
a very narrow energy range. The error bar for the data
points of A’ and A'' components is used to indicate the
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fact that their energy positions are hard to determine
with high accuracy. A rigorous comparison between
theory and experiment for the main 3d band is very
difficult because the calculated bands are too complicated
in a narrow energy range. We notice that the resolving
power here is limited by the lifetime broadening (or the
intrinsic width) of the Ni 3d bands so that an improved
energy resolution would not help us in resolving the vari-
ous 3d bands.

Figure 13 shows the experimental E vs k relation for
the NiO (100) surface with an incident photon polariza-
tion of 30°. We note the overall similarity between this
data set and that in Fig. 12. This is very encouraging,
since it shows that the experimental results are very
reproducible from various measurements with different
experimental geometries. However, minor differences do
exist. First let us look at the Ni 3d bands in the region of
feature A4 (noted by V and the points with error bars).
We find that this data set agrees with the LDA bands
better than the data set in Fig. 12. This is particularly
true for the lowest A’"' feature near the I" point. As one
moves from the I' point to the X point, the experimental
A'" band disperses upward, which is consistent with the
calculated bands there. Since feature 4'" is stronger in
this set of data, its energy position can be better deter-
mined. In this sense, we believe that this data set is more
reliable than that in Fig. 12, even though the differences
are marginal. For the C (/) band, the result in this set is
basically the same as that in Fig. 12. The experimental
data points and the LDA 3d bands are at similar energy
positions. However, the experimental band is narrower
than the theory.

Now let us look at the oxygen bands. For k values
smaller than 0.2T°X, the E’' (+) band is located at lower
energy than its counterpart in Fig. 12. Interestingly, this
makes this fraction of the data agree with the band calcu-
lation better than in Fig. 12. The experimental points,
however, still lie at higher energy than the calculated flat
band energy. For the k values larger than 0.4T' X, the re-
sults for the E’ (+) bands in Figs. 12 and 13 are very
similar. Then the problem in Fig. 13 is that the E’ band,
which according to the band calculation should be very
flat, differs in its energy by about 0.5 eV on left and right
sides of the E (@) band, which it should cross. To make
the situation even worse, the trend of the dispersion of
this band E (+) is such that its branches on the left and
the right side of the £ (@) band are not moving in the
direction so that they will meet with each other at the
crossing point with the E band, as the band theory is tel-
ling us. In fact, the trends of the dispersions of the two
branches are going the opposite way, so that they will not
meet with each other. We do not know what the reason
behind this result is. Certainly this E’ band does not
agree with the LDA calculation. The difference in the
two sets of data is most likely caused by the uncertainties
in determining the energy of the E’ and E’ band. Be-
cause the polarizations of the incoming photons are
different in the cases, the relative intensity of the feature
E’ (see Figs. 7 and 8) changes dramatically. This leads to
the result in which the band appears to be located at
different energy positions, a major source of uncertainties
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of the peak position in our case. Of course, we cannot
rule out the possibility that the E' bands in the two data
sets are actually due to two different bands.

An important disagreement between the experimental
result and the magnetic band calculation is that some of
the magnetic bands have never been observed in the ex-
periment. Specifically, the oxygen band near —8 eV and
the Ni 3d band just below E are not observed in the ex-
perimental data. Since we have taken the same data with
three very different geometries, it is impossible that the
emission will be completely banned in all cases by selec-
tion rules. There must be other reasons why these bands
are not present. The absence of the oxygen band near
—8 eV may be explainable by the fact that magnetic
effects on the oxygen bands are weaker, since the magnet-
ic moments are located within the cation sites. The ab-
sence of the Ni 3d antiferromagnetic band between E
and the first observed band (typically at —1 eV) is related
to the problem of the insulating gap, as we have pointed
out at the end of Sec. III.

As we have seen above, even though the details from
the different data sets may vary, the overall consistency
of the experimental data from both normal emission and
off-normal emission is overwhelming. The fact that we
can get almost the same conclusions from different sets of
experimental data (including both normal-emission and
off-normal-emission experiments) makes us very confident
with our interpretation and the parameters we used.

V. OFF-NORMAL EMISSION ALONG THE
(110) DIRECTION

Figure 14 presents a set of angle-resolved-
photoemission data from a cleaved NiO (100) surface.
The photon energies and the emission angles are so
chosen that k, is fixed at TKX, while k is changed along
the (110) direction. Like the results from the {100)
direction, five prominent features are observed in the ex-
perimental data. These features are denoted as 41, B1,
C1, D1, and E1, respectively. Feature B1 is the NiO sa-
tellite caused by the strong on-site Coulomb interactions
among Ni 3d electrons (actually it has two components).
Features E1 (@) and D1 (O) are oxygen features, and
they show clear energy dispersions. There are also two
weak features in the same energy range, which are denot-
ed by E1' (+) and E1” (X). Features A1 (V) and C1
(A) are believed to be Ni 3d bands, and are basically
nondispersive. However, the effects of the translational
symmetry can still be clearly seen in these features. The
details of the features A1 and C1 are presented in Fig.
15. The feature A1 clearly has several components while
feature C1 only has one component, which is very similar
to that of 4 and C.

The experimental E vs k relations obtained from data
in Figs. 14 and 15 plotted in Fig. 16 together with the re-
sults of a nonmagnetic band calculation along {110).
The absolute position of the energy is arbitrarily aligned
to give the best comparison between the experiment and
the theory. Feature E1 (@) is apparently the =, oxygen
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band. One can see that the experiment and the theory
agree reasonably well except for the data points near I'.
As in the off-normal-emission data from (100), the
disagreement between the experiment and the theory
near the ' point is most likely due to the uncertainties in
k,. The fact that the peak positions in the experimental
data are difficult to be determined unambiguously also
contributes to the error here. The origin of the feature
E1’ (+) is not yet clear and will be discussed later. The
feature E1" (X)) could be related to the oxygen =, band,
which also agrees with the calculation nicely. The
feature D1 (O) is most likely the =, band; its downward
trend of dispersion from the X point to lower k value
agrees with the calculated result reasonably well. Good
agreement is also found for its energy position near the X
point. However, compared with the theoretical band, the
experimental band appears at a too-high energy position.
From the above discussion, we can see that the overall
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FIG. 14. Stacks of the experimental data along (110) with a
photon incident angle of 70°. The numbers marked on each
spectrum are the photon energies and angles one has to change
with respect to the two perpendicular {(100) axes in the (100)
surface in order to vary k; along the (110) direction in the
(100) surface.
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agreement between the experimental and the theoretical
results for the 2; and =, oxygen bands is quite good.
This is very consistent with the earlier finding from NiO
(100) that the agreement between the experimental and
band theoretical result of the Al and A5 oxygen bands is
very good.

For the Ni 3d bands along {110), on the other hand,
we can see that the agreement between the experiment
and the nonmagnetic band theory is rather poor. The ex-
perimental 3d bands A1 (V) and C1 (A) are basically
nondispersive. The theoretical 3d bands, on the other
hand, consist of both less-dispersive and dispersive ones.
The less-dispersive 3d bands are located at approximately
the same energy positions as the feature 41 (V). The en-
ergy position of the 41’ and 41’ components are also
indicated in the data with some symbolic error bars.
However, the very dispersive 3d bands do not find their
experimental counterparts at all. Several reasons may ex-
plain why they were not observed experimentally. The
first is that they are made invisible by some selection
rules. Since we are doing off-normal-emission experi-
ments, we cannot see a good reason why they should be
completely banned by selection rules so that this is not
very likely. The second reason is that antiferromagnetic
order makes the 3d bands narrower. As we will see in the
next paragraph, this can partially account for the ob-
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FIG. 15. Details of features A4 and C in Fig. 14.
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served difference between the experiment and the theory.
The third reason is related to the problem for the band
theory to reproduce the experimental insulating gap. The
topmost dispersive 3d band along this direction cuts the
Fermi level, which incorrectly give the metallic ground
state of NiO. On the other hand, feature C1 cannot find
its theoretical correspondent, which is very similar to
feature C in the (100) data.

Because NiO was in its antiferromagnetic state at room
temperature when the data were recorded, one should
compare our data with the results of antiferromagnetic
band calculations. Since the AF order of NiO is along
the [111] direction, there are two inequivalent {110)
directions, which cannot be distinguished by techniques
like x-ray diffraction. The comparisons between the ex-
perimental data and the band calculations are presented
in Figs. 17 and 18. Generally speaking, the experimental
data do not distinguish one direction from another. It is
likely that the crystal contains many domains with
different magnetizations. Hence what we observed is
probably a superposition of the two directions. In princi-
ple, we should compare the data with the extrapolation of
the theory from the two directions. However, since the
level of agreement (or disagreement) between the experi-
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FIG. 16. Comparison of experimental E vs k relations from
data in Figs. 14 and 15 with nonmagnetic bands along the
(110) direction.
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ment and the theory along the two directions is very simi-
lar, such an extrapolation is not critical for our discus-
sion. The overall agreement between the experimental
data and the band calculation is improved by considering
the antiferromagnetic order. This is the same conclusion
we draw from the experimental data along (100). First
of all, the theoretical Ni 3d bands become narrower,
which significantly improves the agreement between the
experiment and the theory. The experimental 41 band
(with several components as noted by the V symbol and
points with error bar) lies on top of the most densely pop-
ulated Ni 3d bands with a few exceptions at the I" point.
We can regard the feature E1’ (+) as due to an antifer-
romagnetically back-folded band near —4.7 eV. From
the above discussion, we conclude that it is important to
include the antiferromagnetic order in order to interpret
the experimental data. However, the effects due to the
antiferromagnetic order do not show up very strongly in
the experimental oxygen data. For example, we do not
see in our data a strong feature corresponding to the anti-
ferromagnetically back-folded band at —8 eV.

Figures 19 and 20 show two additional sets of angle-
resolved-photoemission data along NiO (110) with
different photon incident polarizations. We assign the
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FIG. 17. Comparison of experimental E vs k relations from
data in Figs. 14 and 15 with the antiferromagnetic bands along
[110].
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five experimentally observed features to 41, B1, C1, D1,
and E1. Again, feature B1 is the valence-band satellite
which shows its resonance at the 68.5/48 spectra.
Features A1 and C1 and Ni 3d bands, while features D1
and E1 are oxygen 2p bands. The individual oxygen
bands are somewhat difficult to follow in these data;
therefore, the features are denoted by the same symbol
(@). We notice that the effects of the difference in photon
polarization on the photoemission spectra is significantly
weaker than those along (100) (see data in Figs. 7 and
8).

Following the standard procedure, we obtain the ex-
perimental E vs k relations which are shown in Figs. 21
and 22. The experimental data were compared with the
antiferromagnetic bands along [110]. The results from
these two data sets are consistent with the general picture
we get so far. The LDA calculation gives essentially the
correct energy positions of various bands. For the oxy-
gen bands, the general trends of dispersion seen in the
data are consistent with the calculated results, even
though it is difficult to follow each individual band in
these two sets of data. There are many flat 3d bands in
the energy region of feature 41, which is probably why
its relative intensity is always strong in the experimental
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FIG. 18. Comparison of experimental E vs k relations with
the antiferromagnetic bands along [110].

S

hv/6
126/61
119/60
112.5/59
106.5/59
101/57
96/56
91.5/55
87.5/54
83.5/53
80/52

74/50
71/49
68.5/48

INTENSITY (arb. units)

66/47
64/46
60/44
56.5/42
53.5/40
52/39
51/38
48.5/36
| 46534
Photon incident angle: 70° 44.5/32

[T UUR PN RN TN TUUON TUUN POV FOUUT DUUIN IOV PO 43/30
-14 -12 -10 -8 6 -4 2 0
ENERGY RELATIVE TO THE FERMI LEVEL (eV)

FIG. 19. Angle-resolved-photoemission data of NiO (110)
direction with the photon incident angle of 70°.
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data. In other words, feature 41 may consist of several
components. The data do not distinguish between the
two inequivalent (110) directions. The same general
conclusions hold if we compare the data with [110].

An important common discrepancy between experi-
ment and theory in Figs. 16-18, 21, and 22 is that while
nothing is observed between Ep and —1 eV, the theory
always predict some very dispersive bands in this energy
range. Since E; here is the experimentally determined
Fermi-level pinning position, and no obvious selection
rules prevent us from observing these bands, we should in
principle be able to see all the bands below E,. Again,
this is a problem related to the insulating gap. Another
important discrepancy between the data and the band
calculations is the existence of the infamous valence-band
satellite, which will be discussed in detail in the next sec-
tion.

VI. PHOTON ENERGY AND EMISSION-ANGLE
DEPENDENCE OF VALENCE-BAND SATELLITE

As we have pointed out in the Introduction, an impor-
tant signature of the correlated nature of the late
transition-metal compounds is the valence-band satellite.

2 T T T T T T T T T
/ NiO [110]

Relative Energy (eV)

r Crystal momentum (units of 2v¥2n/a) X

FIG. 21. Experimental E vs k relation from data in Fig. 19 in
comparison with bands along [110].
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This satellite, which cannot be reproduced by the one-
electron theory, is widely believed to be caused by the
large on-site Coulomb interaction. In this section, we
give details about the observed photon energy and
emission-angle dependence of the satellite, which is most
likely to be caused by the energy dispersion. To the best
of our knowledge, the issue of the satellite energy disper-
sion has never been addressed experimentally before,
even though it has been discussed theoretically.>>*

The NiO satellite manifests itself differently in various
sets of angle-resolved-photoemission data. It is basically
invisible in the low-photon-energy (100) normal emis-
sion data (Fig. 2) but is clearly visible in the higher-
photon-energy (100) normal emission data (Fig. 3). It is
quite weak in the off-normal-emission data along (100)
(Figs. 7 and 8), but relatively stronger in the off-normal-
emission data along (110) (Figs. 14, 19, and 20). Figure
23 presents magnified spectra of the satellite region along
(100) with the photon incident angle of 30° (Fig. 8) and
70° (Fig. 7), respectively. Figure 24 gives the spectra of
the satellite along the (110) direction with the photon
incident angle of 70° (Fig. 16). Different sets of data were
taken from different cleaves of the crystal so that the Fer-
mi level was pinned at slightly different positions. How-

2 T T T T T T T T T
/ NiO [110]

Relative Energy (eV)

Photon incident angle: 20°

L | L | L 1 1 | L

r Crystal momentum (units of 24/27/a)

FIG. 22. Experimental E vs k relation from data in Fig. 20 in
comparison with bands along [110].



3620

ever, this will not affect our discussion, since only the rel-
ative energy is important here. There are two dominant
satellite components separated by 1.5 eV which have been
observed in the earlier angle-integrated photoemission
data.'>?0

First, let us look at the two sets of data along {100) in
Fig. 23. One can see that the two data sets are very simi-
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lar, even though the data in Fig. 23 have better statistics.
As the photon energy and emission angle ratio is in-
creased from 40/28° to 42/31.5°, the lower-binding-
energy satellite B’ shifts downwards to reach its
minimum. It then moves upward again for photon ener-
gies higher than 42 eV. This indicates that a critical
point is reached at a photon energy (emission angle) of 42

(b) i'
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FIG. 23. (a) Satellite photoemission spectra along { 100) with 30° photon incident angle. The numbers marked on each spectrum
are photon energies and emission angles with respect to an { 100) axis in the (100) surface. (b) Satellite photoemission spectra along
(100) with 70° photon incident angle. The numbers marked on each spectrum are photon energies and emission angles with respect

to an {100) axis in the (100) surface.
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eV (31.5°). The crystal momentum calculated with the
photon energy and the emission angle corresponds to the
X point of the Brillouin zone, in agreement with the ob-
served critical point. The higher-binding-energy com-
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FIG. 24. Satellite photoemission spectra along (110) with
70° photon incident angle.
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ponent B'' shows a relative stronger downwards shift in
the photon-energy range of 40-43 eV (40-45 in Fig. 23).
Then there is a jump between the spectra taken at 43- and
45-eV photon energy (45-47 eV in Fig. 23), as if there is
some type of resonance. Above 45-eV photon energy (47
eV in Fig. 23), feature B'' shifts less than feature B'.
Both satellite components B’ and B"’ are affected by the
Ni resonance for photon energies above 64 eV. This is
most evident in the spectra of 66 and 68 eV. The reso-
nance data indicates that there might be more than two
components in the NiO satellite. But for the two com-
ponents indicated, B’ and B"/, the latter shows stronger
resonance. It should be pointed out that resonance data
at 66- and 68-eV photon energies are not caused by an
Auger peak sweep through the valence band.

We now turn to the B1 satellite along (110). Here the
photon energies chosen are well above the Ni 3p-to-3d
threshold of 64 eV so that no influence of the resonances
is involved. Similar to the data along { 100), the lower-
binding-energy component B1’ shows stronger disper-
sion. Going from the T point to the X point, the B1’ sa-
tellite shifts downwards by about 0.5 eV, while the satel-
lite B1’ is basically flat except those near the X points.
Since the d’ final state has many crystal-field com-
ponents, in principle we cannot rule out the possibility
that what we see is actually relative intensity modulation
instead of energy dispersion. To make the situation even
worse, the satellite features are very broad, so that the er-
ror bar of the energy position is relatively large. Howev-
er, we are convinced that our data is better interpreted by
the satellite energy dispersion instead of relative intensity
modulations for the following reasons. The upper curves
with lower hv/¢ values correspond to data close to the X
point, while the lower curves with higher hv/¢ values
correspond to the results in the vicinity of the I' point.
As one goes from the upper curves to the lower curves,
the whole satellite feature becomes broader. This is more
clearly seen by stacking the topmost curve of 79/0 (gray
line) on top of the lowermost curve of 100/19.5. If we
now want to deconvolute the satellite into two com-
ponents (which is suggested both by earlier angle-
integrated-photoemission data and the angle-resolved-
photoemission data along {100)), the energy separation
between the two components increases as one goes from
the top curve to the bottom curve. This increase of the
energy separation between the two components could in
principle have two possible explanations: the energy
dispersion and the relative intensity modulation. Since
the photon energies we are using here are well above the
Ni 3p absorption threshold of 64 eV, one would expect
the photoionization cross sections of all the 3d states are
very similar and are smooth functions of the photon ener-
gy. It would be hard to imagine by changing photon en-
ergy from 79 to 100 eV, the line shape of the 3d satellite
will have as large a change as we have observed because
of the relative intensity modulation. Therefore, the ener-
gy dispersion interpretation is most plausible.

The strongest piece of evidence which supports the
energy-dispersion interpretation of our data is the sys-
tematics of our results. This is clearly shown in the ex-
perimental E vs k relations for the satellites in Fig. 25.
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First of all, we approach the X point from the I' point
along two very different directions, {100) and (110),
and get the same size of energy dispersion. For the two
sets of data along (100) but with different photon in-
cident angles, the energy dispersions of the satellites are
very consistent and are well beyond the experimental er-
ror bars. Second, we are using very different photon en-
ergies for the data along (100) (see Fig. 23) and along
(110) (see Fig. 24). It would have to be a coincidence if
the same amount of movement of B’ and B1’ satellites in
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FIG. 25. Experimental E vs k relations for the satellite: (a)
along [100] with photon incident angle of 70°, (b) along [100]
with photon incident angle of 30°, (c) along [110] with photon
incident angle of 70°. The component at higher energy shows
about 0.5-eV dispersion. The component at lower energy is ba-
sically nondispersive except at few points near the X point. The
data points circled are influenced by the Ni resonance.
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both sets of data occurred because of the relative intensi-
ty modulations.

Having convinced ourselves of the observation of the
satellite dispersion, an interesting anticorrelation between
the energy dispersion and the Ni resonance is obvious.
The B’ (B1") satellite, which shows weaker resonance,
has about 0.5-eV energy dispersion. On the other hand,
the B (B’) satellite, which exhibits much stronger reso-
nance, is basically nondispersive. This anticorrelation is
not related to the polarization of the incident photons:
the E vs k relations deduced from the data in Fig. 23 are
almost identical, even though the photon polarizations in
the two data sets are very different. Another interesting
observation is that the resonance behavior of the satellites
in Fig. 23 is somewhat different from the angle-integrated
resonance photoemission data which shows that both B’
and B"’ exhibit strong resonances (of course, the B’ reso-
nance is also relatively stronger than that of B').

VII. DISCUSSION

As we have shown above, the angle-resolved-
photoemission data from NiO provide additional infor-
mation about the electronic structure of the compound.
To the best of our knowledge, this is the first detailed
comparison between angle-resolved-photoemission data
and one-electron band calculation from a prototype of
the Mott insulators. The message we get from out experi-
mental data is that the excitation spectra of this com-
pound have a dual nature. On the one hand, we can see
that many aspects of the data agree with the LDA calcu-
lation well. On the other hand, we find that some of our
data cannot be explained by the LDA calculation. Since
one of the important motivations of the present work is
to explore how well the LDA calculation can account for
the electronic structure of NiO, and to what extent it
fails, we organize our discussion along the line of com-
parison with the LDA calculation.

We start our discussion with the agreements between
the experimental data and the LDA calculation. First of
all, we can see that it is essential to include the antiferro-
magnetic order in the theoretical calculations. Even
though the importance of the antiferromagnetic order to
the band structure has been recognized theoretically for a
long time,!? this problem has never been explicitly ad-
dressed experimentally. It is interesting that these effects
show up so clearly in our experiments, given the fact that
the experimental probe is not spin sensitive. As clearly
shown in the comparison between the nonmagnetic and
the antiferromagnetic bands (see Figs. 6, 12, 13, and
16-18), the inclusion of the antiferromagnetic order im-
proves the agreement between the experimental data and
the LDA calculation significantly. This effect is most
clearly seen for the Ni 3d bands. The antiferromagnetic
3d bands are much narrower than the nonmagnetic
bands, thus improving the agreement with the experi-
mental data. As shown in Figs. 6, 12, 13, and 17 the ex-
perimental data points fall on top of the theoretical 3d
bands. Except in the energy range between E and the
first experimental band, the general spread of the experi-
mental 3d bands agrees with the antiferromagnetic LDA
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bands quite well. In the energy range where the antifer-
romagnetic bands are heavily populated (e.g., from —1 to
—2.5 eV in Fig. 13), we see three experimental bands.
These three experimental bands spread out in an energy
range which is very similar to the theoretical prediction.
In the experimental data, we also observe a single Ni 3d
band which is well separated from the rest of the Ni 3d
bands. As shown in Figs. 6, 12, 13, and 17, there is a
theoretical Ni 3d band separated from the rest of the Ni
3d bands which coincides in energy position with the ex-
perimental band.

For the oxygen 2p bands, the effect due to the antifer-
romagnetic order exists, but is not as evident as for the
Ni 3d bands. This is not unexpected, since the antiferro-
magnetic order is formed on the moments sitting on the
Ni sites. For the Al oxygen band, there is an almost per-
fect agreement between the experiment and both the non-
magnetic as well as the antiferromagnetic band calcula-
tions. The discrepancies near the I' point in the off-
normal-emission data are mainly caused by the experi-
mental uncertainties, as discussed earlier. The symmetry
of this band is also verified by our polarization studies to
be consistent with the theory. In the off-normal-emission
data along (100), we observe an extra oxygen band in
the energy range of the AS band if we do not consider the
antiferromagnetic order. We believe this extra band is
due to the folded-back band from the (7/a) {111) to
(w/a) {311) symmetry directions as a result of the anti-
ferromagnetic order. However, the energy position of
this band is somewhat off. This folded-back band is not
as clearly seen in the normal emission data (Fig. 6). It ap-
pears that the effects of the antiferromagnetic order on
the oxygen bands are more clearly seen in the ones that
have higher energy and are closer to the Ni 3d bands.
For example, the antiferromagnetic folded-back band
near — 8 eV has never been clearly seen in the experimen-
tal data. This may be related to the fact that these oxy-
gen 2p bands are more heavily hybridized with the nickel
3d bands so that they feel the effect of antiferromagnetic
order on the nickel sites more strongly. The fact that the
effects of the antiferromagnetic order can sometimes by
seen more clearly than others is consistent with an earlier
LEED study of NiO.’> Because the magnetic lattice of
the NiO (100) surface has twice the dimension of the
crystal lattice, one would expect to see the half-order
diffraction patterns. Indeed, such half-order diffraction
patterns have sometimes been seen in the LEED experi-
ments at 80°C.5

In this paragraph, we discuss the energy separation be-
tween Ni 3d and O 2p bands. This turns out to be a
tricky issue. An earlier comparison of LDA calculation
and angle-integrated-photoemission data suggest that the
LDA calculation gives an energy separation which is 2
eV too large.”> The comparison of the LDA calculation
and our angle-resolved-photoemission data gives a more
complicated picture. Along the {(100) direction, if we
only look at energy positions, then LDA gives the correct
energy separation between the Ni 3d and O 2p bands. On
the other hand, if we look at the intensity of the peaks, it
is not so straightforward anymore. Even though there is
a theoretical band near —3 eV (Figs. 6, 12, and 13) corre-
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sponding to the experimental band C, it may not be
enough to account for the relatively high intensity of
feature C in the data. According to the theory, there are
many bands in the energy range of feature 4, while there
is only one band in the energy range of feature C. How-
ever, one does not see that the emission intensity of
feature A4 is much higher than that of feature C (though
the data suggests that feature A4 has several components).
The emission intensity of the angle-resolved data is very
hard to quantify so that the seemingly too high intensity
of the feature C is still an open question. A similar con-
clusion can also be drawn for the data along {110) with
few differences. The agreement between the theory and
the experiment on feature C is even worse along (110).
Furthermore, the theory predicted something between O
and —1 eV along {110) which is not observed in the ex-
periment. Therefore, the angle-resolved data give the fol-
lowing picture: If we match the energy positions of the
theoretical and the experimental oxygen bands, we then
find data points fall on the energy range where there are
theoretical Ni 3d bands. However, the relative intensity
of various 3d bands is still an open question. This result
is certainly different from the 2-eV shift scenario pro-
posed earlier.’? Three possible reasons are the following:
(a) When Kiibler and Williams compared the LDA result
and the angle-integrated data, they tried to give the best
intensity match also. Hence the matching criteria in
their approach was slightly different from that of ours.
(b) If one looks at the analysis of Kiibler and Williams
(see Fig. 3 of Ref. 52), one finds that the energy separa-
tion between the Ni 3d and O 2p bands is about 1 eV too
small as compared with the experimental data after they
shift the Ni 3d bands down by about 2 eV (check the O 2p
band noted by o, for example). (c) Previous angle-
integrated-photoemission data taken with a cylindrical
mirror analyzer (CMA) could be quite different from the
total density of states. After all, the data taken with
CAM was not truly angle integrated. Furthermore, the
experimental spectrum should be the coherent summation
of the partial density of states weighted by photoioiniza-
tion cross sections.

Now, we turn our attention to the disagreements be-
tween our experimental data and the band calculation.
There are two major discrepancies. The first one is the
absence of the theoretical bands just below E in the ex-
perimental data. As shown in Figs. 6, 12(b), 13, and 17,
there are always theoretical bands in the energy range be-
tween Ep (pinned position of the Fermi level) and the
first-observed Ni 3d band (usually near —1 eV). Since we
have many different sets of experimental data which were
taken with very different experimental geometries, it
seems impossible for these bands to be invisible by selec-
tion rules. These are the theoretical bands that should be
empty if we count the number of electrons. Obviously,
since their predicted energy positions are wrong, they are
below the experimental Fermi level. Therefore, this
discrepancy is related to the fact that the LDA calcula-
tions cannot reproduce the experimental gap value of
NiO. The best gap value of the LDA calculation for NiO
is 0.2 eV by Terakura and co-workers,'? which is an order
of magnitude smaller than the experimental gap value of
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about 4 eV.!>1% On the other hand, the absence of the an-
tiferromagnetic folded-back oxygen band near —8 eV
may be explainable by the fact that the effects due to the
antiferromagnetic order on the oxygen band are weak.

The second major discrepancy is the observation of the
photoemission satellite which cannot be predicted by the
LDA calculation. This satellite is often explained in
terms of the d’ final state, which is pushed to high energy
due to the strong on-site Coulomb interaction, U.'®!
The existence of the Ni 3d valence-band satellite is thus
usually regarded as a strong piece of evidence which
demonstrates the importance of correlation effects.

In addition to the two major discrepancies, we have
also observed disagreements between the details of the
angle-resolved-photoemission data and the band theory.
Even though the general energy spread of the Ni 3d
bands is very similar for theory and experiment, the
dispersion of the individual bands in the experiment may
be narrower than that of the theory. This can be most
clearly seen in the small energy dispersion of feature C
(see Figs. 6, 12, 13, and 17), which is well separated from
the other bands so that a direct comparison becomes pos-
sible. If our identification of feature C is correct, this
lack of dispersion for feature C implies that the LDA cal-
culation overestimates the overlap between the Ni 3d
bands. This result is also related with the observed
discrepancy between the energy positions of the calculat-
ed and measured back-folded O 2p band (+ band in Figs.
12 and 13). The energy position of this band in the exper-
iment is much higher than in the theory. It turns out
that this band has substantial Ni character because of hy-
bridization. Therefore, it is conceivable for this band to
be pushed down too much by the LDA calculation which
overestimates the hybridization between 3d and 2p states.
The p-d hybridization can be reduced by narrowing the d
band. A separate calculation with an artificially reduced
d-band width indeed moved the folded-in p bands up rela-
tive to the unfolded bands. In addition to its energy posi-
tion, the experimental energy dispersion of this oxygen 2p
(but mixed with Ni 3d) band does not agree with the
theory. The theory suggests that this band should be
very flat, but the experimental data show that the two
branches of the band on either sides of the Al bands are
at very different energy positions. Of course, it is difficult
to rule out the possibility that these are two independent
bands.

Considering the above discussion, it is clear that there
is some agreement between our experimental data and the
LDA calculation. In other words, in addition to its suc-
cess in providing some useful information about the
ground-state properties, the LDA calculation also pro-
vides some useful information about the electronic struc-
ture of NiO. This is especially true for the oxygen bands,
even though one can also learn something about the Ni
bands from the LDA calculation. The agreement for the
lowest oxygen E (@) band is really striking, and is even
better than for the bands in the simple metals like Na and
K.%® If we consider the oxygen bands as full bands, then
maybe it is not so difficult to understand this observation,
since the correlation effects are no longer relevant in the
full-band case. However, since the O 2p bands are
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strongly mixed with the 3d bands, it is no longer clear
that they should be regarded as full bands anymore.

To first order, the result seems to suggest that the ma-
jor problem for the LDA calculation is that it predicts
unobserved spectral weight in the gap region but not the
observed spectral weight in the satellite region. Other-
wise, the antiferromagnetic LDA calculation gives a
reasonable picture for the band structure of NiO. This in
some sense has similarities to the case of Ni metal where
a Ni satellite is also observed. The satellite in Ni metal is
explained in terms of the two-hole bound state.’” The
difference between NiO and Ni metal is the gap problem.

We would also like to take this opportunity to em-
phasize again the consistencies in the experimental re-
sults presented in this paper. This is most clearly demon-
strated in the data along {100). During the experiment,
the photon energy, kinetic energy, and the emission angle
of the photoelectrons are directly measurable quantities.
From these quantities, we can deduce the crystal momen-
tum by assuming a free-electron final-state approxima-
tion. As we have pointed out in Sec. II, the formulas to
obtain k values in the normal emission and off-normal
emission are very different. The fact that we see such a
consistent picture from both the normal-emission and the
off-normal-emission data makes us very confident with
our interpretation of the data.

We believe our result obtained from this study is not
limited to NiO, but is generally true for the later
transition-metal mono-oxides—prototypes of the Mott
insulators. This speculation has been confirmed by some
preliminary angle-resolved-photoemission studies of
C00.% 1In the CoO case, because the broadening effects
of the CoO 3d bands are more severe, fewer details can be
learned about the 3d bands. However, for the lowest oxy-
gen band along (100) (A1l symmetry), the LDA calcula-
tion again gives good agreement with the experiment.
Furthermore, the experimental energy separation be-
tween the 2p and 3d bands is larger in CoO than in NiO,
in agreement with the LDA band calculation. In other
words, the LDA calculation gives a good relative energy
between the O 2p and Ni 3d bands. Similarly, the antifer-
romagnetic order is found to be essential to the band
structure of CoO. This is true even slightly above the
Neel temperature, which is believed to be due to the local
magnetic order. On the other hand, similar discrepancies
between the experiment and the LDA calculation are also
found in CoO. We are in the process of performing more
studies of Mott insulator so that a larger data base can be
generated. Angle-resolved photoemission studies of CoO
have also been performed by Brooks et al.,*® where they
compared the experimental data with the results of ear-
lier non-self-consistent paramagnetic bands.*® Lad and
Henrich have also performed  angle-resolved-
photoemission studies on MnO [100], and they did not
observe strong energy dispersions as we observed in NiO
[100].® However, they acknowledged later that the sur-
face they studied may be affected by impurities.’® There-
fore, more studies on these oxides are required to under-
stand the systematics of the band effects in the
transition-metal mono-oxides.

Finally, we examine to what extent our data can be ex-
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plained by the theoretical approaches other than the
one-electron band calculation. The most popular model
for NiO (and other transition-metal oxides) is the cluster
version of the Anderson Hamiltonian proposed by
Sawatzky and Allen'® and Fujimoria and Minami.!” Be-
cause this model is a cluster version, we cannot get any
information about the energy dispersion. The main ad-
vantage of this model is that it can explain the satellite
structure very nicely. Within the framework of this mod-
el, the satellite is the d” final state been pushed to high
“binding” energy. With appropriate fitting parameters,
this model is expected to reproduce the gap information,
the general energy spread of the 3d band, as well as the
energy separation between the 2p and 3d bands. Howev-
er, since it is just a model calculation, it is not realistic
enough to enable a direction comparison between the cal-
culation and our angle-resolved-photoemission data.

It is also appropriate here to point out an often misun-
derstood point about the cluster model for NiO. In the
cluster model, without considering the p-d hybridization,
the Ni 3d band is split into upper and lower Hubbard
bands with the lower Hubbard band completely filled.
The oxygen bands are located between the two Hubbard
bands and are filled, thus forming the charge transfer gap
with the upper Hubbard band. If one takes this picture
naively, then he will find this is inconsistent with our
angle-resolved-photoemission data which show that the
Ni bands are above the O bands. In this picture, the oc-
cupied oxygen bands are located at lower binding energy
than the occupied nickel bands. This paradox can be
easily explained if one considers the hybridization be-
tween the O 2p and the Ni 3d states. Due to the hybridi-
zation, the oxygen states that are very strongly hybri-
dized with the nickel states are pushed up. The cluster
calculations actually showed that bound states with
mixed d®L, d°L? and d’ characters are pushed out.
Therefore, for the oxygen bands, the upper part has more
Ni 3d character so that these bands are localized. The
lower part has less 3d character so that these bands are
more dispersive. The lower Hubbard band is located at
even higher binding energy in the form of the satellite. In
the same context, we want to emphasize that the bands
which we called d bands in our comparison with the
LDA calculation are actually the bound states in the
cluster picture. These bands in our data can either be in-
terpreted at the d bands of the LDA calculation or the
bound states of the cluster calculation. We called those
bands d bands in this paper only because we were com-
paring our data with the LDA calculation. It is easier for
comparison to use the LDA language.

Recently, new theoretical efforts have been made to un-
derstand the electronic structure of NiO.°~%2 Svane and
Gunnarsson have developed a self-interaction-corrected
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density-functional formalism for the transition-metal ox-
ides in which they were able to include the localized na-
ture of the 3d bands more explicitly.®® As a result, they
can correctly reproduce that MnO, FeO, CoO, NiO, and
CuO are antiferromagnetic insulators, and that VO is a
nonmagnetic metal. Furthermore, the calculated band-
gap values are drastically improved as compared with the
LDA calculation. It is interesting to note that they can
only get good results with extended bands like oxygen 2p
states. They cannot minimize the total energy of the sys-
tem if the oxygen states are also localized. This general
finding of the theory is consistent with the dual nature of
the electronic structure of NiO found in our experiment.
However, the relative energy separation between 2p and
3d bands and its comparison with experimental data are
still open questions.

We hope our experimental work will stimulate more
such theoretical efforts to incorporate the correlation
effects into the band calculations, or to extend the cluster
model into the real lattice model.

VIII. CONCLUSIONS

We conclude this work with the following remarks:
Based on a detailed comparison between angle-resolved-
photoemission data and the LDA calculation, we have
found a dual nature for the electronic structure of NiO.
On the one hand, the LDA band calculation certainly has
some relevance to the electronic structure of NiO, and
the inclusion of the antiferromagnetic order in the calcu-
lation is essential. For the lower O 2p bands, the antifer-
romagnetic LDA calculation agrees almost perfectly with
the experimental energy positions and the dispersion rela-
tions. On the other hand, discrepancies between our data
and the LDA calculation clearly exist, and they seem to
be concentrated on the energy regions of the “insulating
gap”’ and the satellite.
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