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We report on the layer thickness dependence of Ni 2p core-level line shapes of epitaxially grown, in a
layer-by-layer fashion, NiO on a single-crystal MgO~100! substrate. The results demonstrate the sensitivity of
the core-level line shape to the nearest as well as next-nearest-neighbor coordination number. The results are
consistent with a recent theoretical study of nonlocal screening effects.@S0163-1829~96!08032-0#

I. INTRODUCTION

The interest in the electronic structure of bulk NiO has a
long-standing history and will most likely be the subject for
further discussions in the future. It started with de Boer and
Verwey1 in 1937, when they pointed out that the observed
band gap was in disagreement with predictions of elementary
band structure theory.2,3 The insulating nature was originally
explained by the Mott-Hubbard picture, where the correla-
tion gap is induced by the large 3d-3d Coulomb
interactions.4,5 After this it took almost 50 years to realize
that the band gap is of a charge-transfer type, involving ex-
plicitly the surrounding ligands.6–8

Even today there are still a lot of open questions left, like
for instance the experimentally observed catalytic properties
of this material.9–11Some authors have examined the absorp-
tion of hydrogen or CO on the surface of NiO using the
cluster method model of the~100! surface. It was concluded
that the perfect surface is almost inert, but that defects in first
and second layers provide a variety of active sites for
chemisorption.12

One technique being used to study the surface of NiO is
core-level x-ray photoemission spectroscopy~XPS!, at the
Ni 2p edge. Although the satellite structure, at about 1.5-eV
higher binding energy with respect to the main peak, has
been known for decades, the origin thereof is still open for
discussion; see Ref. 13 and references therein. In connection
with the identification of defect structures, this satellite in the
Ni 2p XPS spectrum has conventionally been assigned to
Ni31 species existing on the surface. However, the intrinsic
appearance even for freshly cleaved single crystals13 and the
use of x-ray-absorption spectroscopy~XAS! ~Ref. 14! made
this interpretation doubtful. In addition, the increase of this
peak after successive sputter cycles is surprising; since de-
fects are characterized by anion vacancies therefore a reduc-
tion of the Ni valency is expected.15 Some authors have tried
to assign this peak tocd10L2 ~Ref. 16! or c3d9 multiplet

structures.17 However, if one assumes either of these expla-
nations to be the correct one, it is hard to explain the absence
of this peak in highly diluted Ni samples in MgO,18 because
in these samples the Ni ions are also octahedrally surrounded
by oxygen.

Recently, a theoretical interpretation was proposed by
Van Veenendaal and Sawatzky,19 explaining both the intrin-
sic appearance and the sensitivity to defects. They showed
that 2p core-level line shapes of transition-metal com-
pounds, in general, are strongly influenced not only by
nearest-neighbor but also next-nearest-neighbor configura-
tions, and therefore strongly depend on the details of the
structure. In this paper we present experimental support for
this latter explanation.

II. EXPERIMENT

The NiO samples were epitaxially grown, in a layer-by-
layer fashion on a single crystal MgO~100! substrate. The
method used has been described previously.20 Both NiO and
MgO exhibit the face-centered-cubic ‘‘rocksalt’’~NaCl!
crystalline structure, with lattice constants of 4.176 and
4.212 Å, respectively, which result in a 0.85% lattice mis-
match. The substrate was cleavedex situ, yielding a platelet
of '10310 mm2, and was cleaned by heating for 12 h at
600 °C to remove hydrocarbons from the surface. Ni was
evaporated from a Knudsen cell at 1300 °C, and growth of
NiO was accomplished using an oxidizing agent of NO2.
Layer thickness and sample characterization was done by
reflection high-energy electron diffraction.

The XPS measurements reported here were made in two
different UHV systems.In situmeasurements, in a separate
analysis chamber, were made directly after film growth, with
a nonmonochromatized AlKa x-ray source and a VG Clam2
analyzer. The base pressure in this analysis chamber system
was 1310210 Torr. All spectra were recorded with a spot
diameter of'8 mm and an energy resolution of 1.1 eV,
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determined by the core levels of sputtered Ag. After data
collection the spectra were filtered to remove the satellite
structure of the nonmonochromatic AlKa radiation.Ex situ
measurements were performed with a small spot XPS~with a
spot size of 300mm and an energy resolution of 0.7 eV!
using a monochromatized AlKa source. Since all samples
exhibited charging effects, the spectra presented here were
corrected for this. To do this we assumed a constant O 1s
binding energy of 529.4 eV as a reference.

The experimental XAS data reported here have been ob-
tained using the AT&T Bell Laboratories Dragon Beam line
at the National Synchrotron Light Source.21 The spectrum
shown is recorded with the total electron yield method.

III. RESULTS

The layer thickness dependence of Ni 2p XPS spectra of
epitaxially grown NiO on a single-crystal MgO~100! sub-
strate is shown in Fig. 1. The spectrum can be roughly de-
vised into two edges split by spin-orbit coupling, referred to
as the 2p1/2 ('870–885 eV! and 2p3/2 ('850–869 eV!
edges, respectively. The current understanding of the Ni 2p
XPS spectrum of NiO 3d8 is shown schematically on the
left-hand site of Fig. 2. The creation of a hole in the 2p core
level of the transition-metal site is accompanied by a strong
Coulomb repulsion with the holes in the localized 3d orbit-
als. The lowest energy will then be ofc3d9L, whereas the
ground state is of predominantly 3d8 character, wherec and
L refer to a hole in the 2p core level and the ligand band,
respectively. The satellite structure at higher binding ener-
gies ('858–870 eV! can be assigned to the unscreened
cd8 and screenedcd10L2 final states. The most important
feature for the discussion here is the satellite peak at approxi-
mately 1.5 eV higher binding energy of the main line in both
edges. This peakcannotbe explained within the model de-

scribed. Therefore a more extended explanation has been
proposed by Van Veenendaal and Sawatzky.19 They consid-
ered clusters consisting of more than one transition-metal
ion. This allows the metal sites and ligands to interact. A
consequence of this is that a core hole can also be screened
by an electron coming from a neighboring NiO6 unit, and
does not necessarily have to come from the ligands at the
core-hole site. This type of screening mechanism which re-
quires at least two sites is referred to as nonlocal screening.
In the data presented here one can clearly see a layer thick-
ness dependence of the satellite at'1.5 eV, while all other
features in the spectrum are well reproduced and, in first
order, do not depend on the sample thickness.

In Fig. 3 we also show the accompanying layer thickness
dependence of the O 1s XPS spectra. All spectra consist of

FIG. 1. Experimental Ni 2p XPS spectra of epitaxially grown,
in a layer-by-layer fashion, NiO on single crystal MgO~100!, at
room temperature. From top to bottom the spectra of 20, 15, 10, 5,
4, 3, 2, and 1 ML are shown. See Fig. 3 for corresponding O 1s
XPS spectra. Note the change in the higher binding satellite struc-
ture at'1.5 eV above the main line, in both 2p1/2 and 2p3/2 edges.

FIG. 2. On the left-hand site we show the energy-level scheme
in the XPS initial and final states. On the right-hand site we show
~top! two metal ion sites with a core hole on one site~middle!
screening of an electron from the surrounding oxygen ligands, and
~bottom! nonlocal screening from an electron from a neighboring
unit.

FIG. 3. Experimental O 1s XPS spectra of epitaxially grown, in
a layer-by-layer fashion, NiO on single-crystal MgO~100!, at room
temperature. From top to bottom the spectra of 20, 15, 10, 5, 4, 3, 2,
and 1 ML are shown. See Fig. 1 for corresponding Ni 2p XPS
spectra. Note the absence of any shoulder or satellite structure.
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only one peak, which does not have any satellite structure.
This demonstrates that the studied surfaces are clean, be-
cause oxygen-related compounds like H2O or OH groups
would give rise to higher binding-energy satellites. There is
no indication of layer thickness dependence; apparently this
core level does not depend on neigboring coordination. This
is because the O22 (2p6) band is almost full. The conclu-
sion is that the O 1s peak of clean well-ordered NiO surfaces
is a single peak, and does not depend on layer thickness.

Unfortunately the visibility of the effect shown in Fig. 1 is
limited by the resolution of the XPS analyzer in the
molecular-beam epitaxy~MBE! system. To stress that the
change observed is not a small effect, in Fig. 4 we show Ni
2p XPS data taken with a better resolution. These data have
been obtained after transport, through air, of samples grown
in the MBE system to a system with a better resolution. The
layer thickness dependence in both figures is essentially the
same; only the effect is more pronounced in the latter, be-
cause of the better resolution. The O 1s edge for these
samples, not shown here, does show a small peak at higher
binding energy due to oxygen-related contaminants at the
surface.

A typical Ni 2p x-ray absorption spectrum of a thin epi-
taxially grown film of NiO on MgO~100! is shown in Fig. 5;
we refer to Ref. 22 for a more elaborate analysis of this film.
The point we want to make here is that XAS is an element-
specific technique, which for 3d transition-metal compounds
is extremely sensitive to the valency of the specimen under
study.23 Therefore one can unambiguously determine the for-
mal valency to be Ni21. This experimental observation is in
contradiction with the assumption that the doubly peaked
main line observed with XPS is due to Ni31 ions.24

IV. DISCUSSION

The theoretical interpretation of the Ni 2p XPS edge of
NiO ~100! by Van Veenendaal and Sawatzky19 is supported

by the experiments shown in this paper. Their interpretation
is based on~multiple site! cluster calculations, which show
that the satellite structure, at 1.5-eV higher binding energy
above the main line in Ni 2p XPS, is intrinsic for this com-
pound. Moreover, this interpretation approximately gives the
correct energy position and intensity. The satellite peak is the
result of a screening process by an electron that does not
come from the oxygen orbitals around the Ni with the core
hole, but from a neighboring NiO6 unit. The screening
mechanism is schematically shown on the right-hand side of
Fig. 2. After the creation of a core hole dn→cdn, the energy
of the system can be lowered by screening electrons from
neighboring sites. This yieldscdn→cdn11L and higher-
order states, whereL in most calculations refers to a hole in
the ligand band limited to a single transition-metal ion site,
as an impurity or surrounded only by ligand atoms in a clus-
ter. Nonlocal screening involves at least two sites, and is the
process where an electron is transferred from a neighboring
NiO6 unit cdn;dn→cdn11;dnL. In the case of NiO this
yields a local configuration of mainly 2p53d9 character at
the core-hole site, and an extra hole 3d8L in a neighboring
unit. This also nicely explains the absence of this peak in
diluted samples,18 since then there are no neighboring Ni
sites present for this type of screening mechanism. Since
NiO is a charge-transfer insulator, the extra valence holes
reside primarily on the oxygen orbitals around the Ni site, as
is clearly shown in a related compound by the O 1s XAS
data25 of Li xNi 12xO. This hole couples antiferromagneti-
cally to the two other holes, forming a local2E symmetry
state around the center.

The change in the layer thickness dependence of the sat-
ellite intensity found experimentally can be related to the
change in local structure, since the intensity is a result of the
interplay between local and intersite screening. As predicted
by the calculations, nonlocal screening is more important for
surface than for bulk atoms. This subtle mechanism also ex-
plains why there is no consensus about the experimental re-
sults reported in the literature, since the height of the satellite
is an intrinsic function of the local environment and is there-
fore extremely sensitive to sample preparation, defects, and
surface crystallinity.

FIG. 4. Experimental Ni 2p XPS spectra of epitaxially grown,
in a layer-by-layer fashion, NiO on single-crystal MgO~100! at
room temperature using a higher-resolution spectrometer. From top
to bottom the spectra of bulk and 1 ML are shown. Due to the better
resolution used here the change in the higher binding satellite struc-
ture at'1.5 eV above the main line is more pronounced. See Fig.
1 for a comparison.

FIG. 5. Experimental Ni 2p XAS spectrum of epitaxially grown
NiO on single-crystal MgO~100! at room temperature.
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The size of the calculation required to describe this non-
local screening effect correctly prohibits a detailed compari-
son with experiment, although the effect itself and the influ-
ence on the Ni 2p spectra can be clearly demonstrated.
Changes in the model parameters at the surface, as for in-
stance the charge transfer energyD, which is a function of
the Madelung potential, makes a detailed comparison diffi-
cult. Note that if this comparison were possible, one could
obtain a correlation length between the site where the core
hole was created and the so-called nonlocal screening unit.
This dnL state is only weakly bound to the core-hole site,
and therefore is in principle free to move through the lattice.

In this paper we give experimental support for the fact
that the satellite peak in the Ni 2p XPS spectrum is intrinsic
for NiO. The theory, also taking into account nonlocal
screening effects, is able to explain the observed satellite
structure, and therefore we do not need the assumption of the
existence of defect structure~Ni 31) at the surface. Defects in
NiO are related to the loss of oxygen, which effects the local
coordination number. This lowering of the symmetry leads to
a more reasonable assumption about the existence of
electron-doped units in defective NiO, since in this case Ni is
not able to donate two electrons to the surrounding oxygens.
In this case Ni11 3d9 units are formed, which could be the
active centers in a catalytic reaction.

V. CONCLUSIONS

In conclusion we have shown the layer thickness depen-
dence of the satellite structure in Ni 2p photoemission spec-
tra of epitaxially grown NiO on a single crystal MgO~100!
substrate. The relative intensity change of the satellite with
respect to the main line can be explained by a theory pre-
sented in Ref. 19, and is caused by a competition between
screening electrons coming from the surrounding ligands and
electrons coming from ligands around a neighboring
transition-metal ion. Experimental XAS data do not support
the existence of Ni31 at the surface. The existence of
electron-doped units in defective NiO~100! structures is
more likely, and might give some new additional insight in
the catalytic mechanism.
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