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Core-level x-ray photoemission on NiO in the impurity limit
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We present a core level X-ray photoelectron spectroscopy study of NixMg12xO crystals with 0.03,x,1.
We show that nonlocal effects involving inter-Ni-site fluctuations strongly influence the Ni 2p core-level
spectra for higher Ni concentrations including NiO itself. It is only in the very dilute Ni limit that the core-level
spectra can be described in terms of an Anderson impurity model which also must include a realistic band
structure for the O 2p. Moreover, it is only in this limit that a single-site model can explain the core-level and
valence-band spectra as well as the optical data by using one consistent set of parameter values. These results
consolidate the concepts of nonlocal screening and provide a better understanding of the electronic structure of
NiO.
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I. INTRODUCTION

Core-level x-ray photoelectron spectroscopy~XPS! is a
powerful tool to study the electronic structure of strong
correlated systems.1–5 In recent years, the use of core-lev
XPS in combination with single-site cluster or Anderson i
purity calculations has led to a great progress in our und
standing of transition metal~TM! compounds6–9 and rare-
earth~RE! materials.10–13After the discovery of the high-Tc
superconductors, Cu 2p XPS was used to establish th
strongly correlated nature of these systems, and has prov
estimates for a number of important parameters such as t
2p to Cu 3d charge-transfer energy (D) and the valence o
the Cu in the CuO2 planes.14–19 However, the Anderson im
purity approaches are not able to explain some impor
aspects like the large width of the Cu 2p main line in the
cuprates,14–17or the double peak structure in the main line
the Ni 2p in NiO.20–23 Moreover, in these single-site ap
proaches, the values forD in TM and high-Tc compounds
estimated from 2p XPS are systematically too low,14–19 and
the behavior of the Cu 2p spectra upon hole doping16,17 is
also not well understood.

Van Veenendaal and Sawatzky24,25have studied the effec
of the interactions between different TM ions on these sp
tra, using calculations of clusters involving more than o
TM ion, and a multiband Hubbard Hamiltonian. The
showed that, besides the peaks of mainly 2p53dn and
2p53dn11L character typically found in the single-site a
proaches, whereL denotes a hole in the oxygen valen
band, a different peak of mainly 2p53dn11 appears in the
XPS spectrum, due to the transfer of a hole from the liga
of the core ionized site to the ligands of a next neighb
cluster, where a Zhang-Rice singlet state26,27 is formed. This
intersite charge-transfer screening mechanism explains
2p main line of CuO and the highTc’s, the Ni 2p line shape
of NiO, and also the changes induced by different Ni lo
PRB 610163-1829/2000/61~20!/13403~7!/$15.00
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environments.28 Many experimental29–31 and theoretical32–40

studies are now being carried out to study the effect of
cluster size on core-level photoemission, photoabsorpt
and x-ray emission spectra of various Cu and Ni compoun

In the last several years, however, a large number of
ternative explanations have been proposed for this 2p core
level line-shape problem, all starting from a local ansa
Karlsson, Gunnarsson, and Jepsen40,41 inserted the valence
band structure as a possible explanation for the variation
the Cu 2p line shape. Others suggested that the double p
structure in the main line of the Ni 2p in NiO is a result of
the presence of both the 2p53d9L and 2p53d10L2

configurations.21 Very recently, Parmigiani and co-worker
noticed that structures similar to those observed in the Nip,
and ascribed by van Veenendaal and Sawatzky to nonl
screening processes, are also present in the Ni 3s XPS.42

Since the experimental 3s spectrum can be well reproduce
by ab initio Hartree-Fock calculations43 or Anderson impu-
rity calculations,44,45 they concluded that intersite screenin
effects are not needed. In fact, based on their analysis of
2p1/2 spectrum of La2NiO4,42 they claimed that these effect
are even nonexistent for Ni21 compounds.

In order to determine the applicability limits of the ver
different theories, an experiment is necessary which allo
one to isolate the basic physics underlying the different
proaches. This can be done, for example, by studing X
spectra of highly diluted TM impurities in a MgO matrix. I
this case, nonlocal screening effects are inhibited due to
absence of neighbor TM ions, and the TM core-level X
will be influenced exclusively by charge-transfer proces
from the nearest-neighbor oxygen atoms, and, possibly
oxygen banding effects.

Core-level XPS spectra from powdered samples of N21

impurities in MgO, with concentrations ranging from 9
47%, have been reported more than 20 years ago.46 A Ni 2 p
13 403 ©2000 The American Physical Society
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spectrum of a Ni0.1Mg0.9O sample has also been publish
more recently.4 Both sets of data show that the Ni 2p main
line consists of a single peak, in contrast to the double p
structure for bulk NiO. It was, however, contended by Sa
galetti, Depero, and Parmigiani42 that the width of the main
line of these diluted NiO samples is as large as that of
NiO single-crystal material, so that those data do not sup
the nonlocal screening model for bulk NiO. It was al
pointed out by Hu¨fner4 that the peak position of the Ni 2p of
the diluted sample with respect to that of the bulk NiO see
to be contrary to expectations. It is conceivable that th
apparent contradictions are caused by charging problems
occur during the measurements of these highly insula
materials. In addition, the lowest Ni concentration stud
was'10%, implying that the probability47 for two Ni ions
to be neighbors with a 180° Ni-O-Ni bond angle was'35%,
i.e., still too high to exclude the presence of possible stro
nonlocal screening in the XPS final state.

In this paper, we present a high-resolution core-level X
study of NixMg12xO crystals with 0.03,x,1, grown epi-
taxially on a Ag~100! substrate. We will show that in th
dilute limit the XPS spectra are properly described by
Anderson impurity Hamiltonian including the full multiple
structure, and that the inclusion of a realistic band struct
for the O 2p states is necessary. We will also show that
bulk NiO, the Ni 2p spectral line shapes are strongly infl
enced by the interaction with neighboring Ni ions. And
nally we will demonstrate that it is only in the dilute lim
that the single-site model can explain the core-level a
valence-band spectra as well as the optical data by using
consistent set of parameter values.

II. EXPERIMENT

The XPS spectra presented in this paper have been
corded at room temperature in a Vacuum Generators~VG!
Surface Science X-probe spectrometer unit, equipped wi
small spot (150–1000mm) Al-Ka source (hn
51486.6 eV) monochromatized by a VG twin crystal, a
with a hemispherical electron energy analyzer with mu
channel detection system. The XPS overall energy resolu
was 0.5 eV, as determined using the Fermi cutoff of a
reference sample. The zero of the binding energy scale
given by the Fermi level of this Ag reference. The photoel
trons were collected at a takeoff angle of 55° with respec
the surface normal of the samples. The base pressure in
spectrometer was 5310211 mbar, and the pressure raised
1.5310210 during the measurements due to the operation
the x-ray source. While charging effects usually hamper
riously the XPS measurements of wide band-gap insula
like MgO, it turned out that such effects were not observ
for the thin NixMg12xO films grown on Ag~100!.

The films were preparedin situ in an attached ultrahigh
vacuum~UHV! preparation chamber, equipped with a refle
tion high-energy electron-diffraction~RHEED! system to
monitor the structural quality and thickness of the epitax
films, and operating under the conditions as determined
the experiments in a previous work for the epitaxial grow
of stoichiometric MgO~100! and NiO~100! films on the
Ag~100! substrate.48–50 The NixMg12xO films with a thick-
ness varying between 40 and 80 Å were grown by
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evaporating high-purity Mg and Ni metals from two differe
Luxel Radak-I effusion cells onto a clean and order
Ag~100!, and simultaneously dosing molecular oxygen fro
a nozzle. The Mg effusion cell temperature was set at ab
330 °C to obtain a MgO growth rate of about one monola
per minute, as determined from the period of the intens
oscillations of the RHEED pattern.50 The Ni effusion cell
temperature was tuned from 1095 to 1230 °C to obtain
impurities in the MgO matrix with concentrations rangin
from 1% up to 53%, as determined by comparing the O 1s to
Ni 2p core-level intensity ratio with that of a NiO singl
crystal reference sample cleavedin situ. The films are then
capped by a layer of pure MgO of about 5 Å thick, in order
to minimize undesired surface effects on the measured
core-level spectra.

The base pressure of the preparation chamber wa
310210 mbar. With the nozzle positioned close to th
sample ('5 cm), a background O2 pressure of'331027

mbar was more than sufficient to ensure full oxidation of t
co-evaporated Mg and Ni to MgO and NiO, respective
The Ag substrate temperature was kept at room tempera
during the overlayer growth. For reference purposes an
polycrystalline substrate was also used, as well as a b
MgO sample, which was prepared by cleaving a MgO slab
a few millimeters thick in air to expose a fresh~100! surface
and successively annealing itin situ for 8 h at600°C in a O2
atmosphere of 131026 mbar.

III. RESULTS

To verify the quality of the films, we first grew pure NiO
and MgO films using the evaporation technique described
the previous section. We found that the Ni 2p to O 1s XPS
and the MgKL2,3L2,3 Auger to O 1s XPS intensity ratios of
the films are identical with those of the cleaved NiO a
MgO single crystals, respectively, indicating that the comp
sition is indeed stoichiometric. For a more detailed inves
gation, we have measured the valence-band XPS spec
from a 120-Å-thick NiO film supported on Al, as shown i
the bottom panel of Fig. 1. For the valence band we h
used Al instead of Ag as substrate since otherwise the s
strate Ag 4d may spuriously contribute to the oxide spe

FIG. 1. Valence-band XPS spectra measured from anin situ
cleaved NiO single crystal~top! and from a 120-Å-thick NiO film
grown on polycrystalline Al~bottom!. Note the close similarity be-
tween the two spectra.
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PRB 61 13 405CORE-LEVEL X-RAY PHOTOEMISSION ON NiO IN . . .
trum, despite the fact that the probing depth of about 15–
Å is much smaller than the film thickness. This is due to
very high photoionization cross section of Ag 4d as com-
pared to those of O 2p, Ni 3d, and Al 3s,3p. For compari-
son, we have also included in the top panel of the sa
figure the spectrum for thein situ cleaved NiO single crystal
The two spectra are indeed nearly identical. Moreover,
zero intensity at the Fermi level clearly demonstrates that
oxygen pressure used during the film growth was suffici
to fully oxidize Ni to NiO, and that the formation of Ni meta
cluster during the growth of the NiO, as well as NixMg12xO
films, did not take place. In Fig. 2 we show the valence ba
XPS spectrum of a 80-Å-thick MgO film on Al~bottom
panel! together with that of the MgO single crystal~top
panel!. Also here the thin film and the single-crystal spec
are nearly identical, demonstrating the high chemical pu
of the film.

Having verified the conditions for the growth of stoichi
metric NiO and MgO thin films, epitaxially on the Ag~100!
substrate48–50and in polycrystalline form on Al substrates,
is then possible to preparein situ epitaxial NixMg12xO over-
layers on Ag~100! with 0.03,x,1, since NiO makes solid
solutions with MgO over the entire range of nickel io
concentrations.51 In Fig. 3 we report the O 1s spectra mea-
sured from the NixMg12xO films on Ag~100!, as a function
of the Ni concentration. For 0.09,x,1, the peak position is
about 529.1 eV, i.e., the same as in the cleaved NiO sp
trum ~top most curve!. For x50.05 andx50.03, however,
the O 1s is found at about 1 eV higher binding energy. Sin

FIG. 2. Valence-band XPS spectra measured from a clea
MgO single crystal~top!, and from an 80-Å-thick MgO film grown
on polycrystalline Al~bottom!. Note the close similarity betwee
the two spectra.
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there are no charging effects for MgO thin films o
Ag~100!,48,49we attribute this core-level shift to the differen
pinning of the chemical potential inside the oxide ener
gap, which is expected to be different for high and low
concentrations. We remark that the full width at half ma
mum ~FWHM! of the O 1s is found to be essentially con
stant for all values ofx, and equal to the value measured f
a 40-Å-thick MgO film on Ag~100!,48 confirming the ab-
sence of charging problems in the NixMg12xO overlayers on
the Ag~100! substrate. The good quality of our spectra is a
demonstrated by fact that the O 1s XPS peaks are very nar
row, namely 0.9–1.3 eV. For a better comparison of
core-level spectra measured at different Ni concentratio
we have rigidly shifted all the XPS spectra to align the Os
peak position with that of the cleaved NiO sample, as sho
in Fig. 3. The value of the shifts, as well as the FWHM of t
O 1s peaks as a function ofx, are listed in Table I. Apart
from the rigid energy shift, the O 1s spectra of NixMg12xO
on Ag~100! do not show any dependence onx, and consist of
a single Gaussian-like peak.

In Fig. 4 we report the Ni 2p spectra measured from
NixMg12xO films on Ag~100!, with 0.03,x,1. The spec-
trum for x51 ~pure NiO! is essentially identical to the Ni 2p
of the cleaved NiO single crystal~topmost curve! and, in

ed

FIG. 3. O 1s core-level XPS spectra measured from t
NixMg12xO films on Ag~100!, as a function ofx, aligned in energy
to the O 1s spectrum of thein situ cleaved NiO sample~top most
curve!.
ore
d.
TABLE I. Full widths at half maximum~FWHM! of the Ni 2p and O 1s XPS core levels of NixMg12xO
films on Ag~100!, as a function ofx. The thickness of the films as well as the rigid shift applied to all the c
levels in order to align the peak position of the O 1s to that of the cleaved NiO single crystal are also liste

Cleaved x51.00 x50.36 x50.32 x50.20 x50.09 x50.05 x50.03

FWHM Ni 2p3/2 ~eV! 3.2 3.4 3.0 2.8 2.5 2.2 1.9 1.7
FWHM Ni 2p1/2 ~eV! 5.2 5.2 4.0 3.6 3.5 3.2 2.6 2.4
FWHM O 1s ~eV! 0.9 1.0 1.2 1.2 1.2 1.3 1.3 1.3
Shift ~eV! 0 0 0 0 0 20.1 21.1 20.8
Thickness ~Å! 120 40 80 80 40 80 40
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particular, exhibits the characteristic double peak 2p3/2 and
2p1/2 main lines of bulk NiO. Forx,1, however, dramatic
line-shape changes occur in the spectra. Atx50.36, both the
2p3/2 and 2p1/2 main lines consist of a single peak position
around the centroid of the bulk main lines, at about 855 a
872 eV, respectively. Forx,0.36, the position of these tw
peaks remains unchanged, and any further reduction of
nickel concentration only results in a monotonic decrease
the peak width~see Table I!. The smallest FWHM of the
2p3/2 line is measured forx50.03, namely 1.7 eV, that is
almost half of the width of the bulk 2p3/2 line ~FWHM53.2
eV!. The smallest FWHM of the 2p1/2 line is also measured
for x50.03, namely 2.4 eV. A similar narrowing with N
dilution can also be observed for the 2p3/2 and 2p1/2 satellite
structures in the energy range of 858–869 eV and 876–
eV, respectively.

IV. DISCUSSION

In going from NiO as bulk material to NiO as an impuri
in a MgO matrix, the Ni 2p XPS line shape changes dr
matically. The double peak structure of the main li
~FWHM53.2 eV! collapses into a single peak upon dilutio
and the width of this peak is the smallest for the most dil
system~FWHM51.7 eV, see Fig. 4 and Table I!. We note
that the FWHM of this narrow peak is much smaller th
those reported earlier for the NixMg12xO (0.09,x,0.47)
powders46 and for the Ni0.1Mg0.9O sample.4,42 Since in our
spectra the FWHM is still decreasing when going fromx
50.05 tox50.03, and since withx50.03 the probability47

for two Ni ions in NixMg12xO to be neighbors with 180°
Ni-O-Ni bond angle is about 15%, we conclude that the m
line Ni 2p XPS of a single NiO impurity in MgO is probably
even narrower than 1.7 eV.

For a more detailed look, we have replotted the spectr
the bulk and the most diluted NiO system together in the
panel of Fig. 5 after having applied a common integr

FIG. 4. Ni 2p core-level XPS spectra measured fro
NixMg12xO films on Ag~100!, as a function ofx. The spectra were
shifted in energy so that the O 1s spectra are aligned to that of th
in situ cleaved NiO sample~top most curve!.
d
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background correction. The large differences between
two systems are evident. While the nonlocal screening mo
can explain why the Ni 2p main line of bulk NiO has a
double peak and that of an impurity a single peak, the c
culations reported so far24,32 have neglected completely th
multiplet effects for 2p53dn configurations, crucial for the
understanding of the overall spectral line shape.2,3 It is there-
fore important to show at least that even inclusion of the f
multiplet structure cannot reproduce the bulk NiO spectr
if one uses a single-Ni-site model. While such a negat
proof is difficult to give, an alternative is to demonstrate th
the single-site model can accurately describe the experim
tally observed spectrum for the diluted NiO system.

In calculating the Ni 2p electron removal spectra, we sta

FIG. 5. Comparison between the experimental Ni 2p core-level
XPS spectrum of the Ni0.03Mg0.97O film on Ag~100! and the theo-
retical spectra calculated for a NiO6 , NiO38, and NiO118 cluster. A
Gaussian broadening withs50.65 eV ~0.9 eV! for the
2p3/2 (2p1/2) region has been used in the calculations. In the
panel the spectrum of the Ni0.03Mg0.97O film is compared to that of
the cleaved NiO single crystal.
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with a cluster consisting of a single Ni21 ion surrounded by
6 O22 ions in octahedral symmetry. The model Hamiltoni
includes the full degeneracy of the Ni 3d and O 2p orbitals,
as well as all on-site Ni 3d-3d, Ni 2p-3d, and O 2p-2p
multiplet interactions. The model takes into account
nearest-neighbor Ni 3d-O 2p and O 2p-O 2p transfer inte-
grals plus an octahedral crystal-field splitting for the Ni 3d.
This model Hamiltonian is the same as the one used to
culate the~resonant! 3d, 3p, and 3s photoemission spectr
of a wide range of 3d TM oxides.52

The result for the NiO6 cluster is shown in the secon
panel of Fig. 5. Here we have used the same parameter
ues as those determined from a detailed analysis of the~reso-
nant! valence-band photoemission spectra of NiO.52,53 The
most relevant parameter, namely the O 2p-Ni 3d charge-
transfer energyD, is given essentially by the constraint th
the calculation is to reproduce the 4-eV band gap of N
correctly. A comparison with the measured spectrum
Ni0.03Mg0.97O reveals that the cluster model reproduces
main features of the 2p spectrum, labeled as ‘‘1,’’ ‘‘2,’’
‘‘3,’’ and ‘‘4’’ in the figure. Indeed, the single-site calcula
tion gives a single peak for the main line for the diluted N
and not the double peak observed for bulk NiO. There a
however, also features in the diluted NiO spectrum that c
not be reproduced, such as the intensity in the valley labe
‘‘a’’ and the peak labeled ‘‘b.’’ Varying the paramater value
does not provide a better overall fit.

To investigate the possible role of the O 2p band structure
on the spectra,41 we now also include the next shell of oxy
gen ions surrounding the NiO6 cluster, i.e., we calculate th
spectrum for a NiO38 cluster using the same set of parame
values. The third panel of Fig. 5 shows that there is n
more intensity in the calculated spectrum in the region
valley ‘‘a’’ and peak ‘‘b.’’ While this is an improvement
compared to the NiO6 calculation, it also shows that th
spectrum is quite sensitive to the band structure of the Op,
especially since the calculation produces a peak in va
‘‘a.’’

As a next step to incorporate the oxygen band struc
more properly, we add yet another shell of oxygen ions a
calculate the spectrum for a NiO116 cluster. We are now very
close to an Anderson impurity calculation that includes
realistic band structure for the O 2p host, since the O
2p-O 2p transfer integrals used here reproduces well
valence band of MgO.54 The bottom panel of Fig. 5 show
that the fit to the experimental spectrum is getting better:
intensity in valley ‘‘a’’ is now well reproduced.

Despite the good overall agreement between the ca
lated and the experimental impurity spectra, the quality
the experimental data is such that small discrepancies
easily recognizable. For example, the peak labeled ‘‘d’’
still missing in the calculated spectrum, and also the ca
lated position of peak ‘‘4’’ is off by about 1 eV. Perhaps th
polarization of the anions surrounding a core ionized me
atom, with the consequent formation of excitons on
ligands, can be included explicitly, since this process
known to produce high-energy satellites in early transitio
metal oxides.55 Another very interesting option is to includ
configuration dependent transfer integrals. It has b
pointed out by Gunnarsson and Jepsen,56 that the radial ex-
tent of atomiclike orbitals, and thus also the hopping ma
ll

l-

al-

f
e

e,
n-
d

r

f

y

re
d

a

e

e

u-
f
re

-

l
e
s
-

n

x

elements, depends strongly on the occupancy of this orb
and on whether or not a core hole is present. Okada
Kotani57 have investigated the consequences of this dep
dence for the interpretation of core-level spectra
transition-metal compounds, and have also been quite
cessful in reproducing the Ni 2p spectrum of NiCl2 accu-
rately.

One of the shortcomings that emerges from 2p core-level
XPS studies so far, is that the calculated values for
charge-transfer energyD in TM and high-Tc compounds are
systematically lower than the values needed to obtain
correct magnitude of the band gap. One reason could be
the transfer integrals depend on whether or not a core ho
present, and on the occupation of the orbital. Using this
proach, Okada and Kotani57 were able to obtain reasonab
fits for the Ni 2p XPS spectra in Ni dihalides usingD values
that are consistent with the gap. Another reason is that m
of the analyses have been carried out using a single-site
satz, while in the systems considered, like NiO, strong int
TM-site charge fluctuations are likely to be present. In o
case, in which we analyze the dilute NiO system with t
single-site Anderson-impurity-like model, we are indeed a
to obtain good agreement between the experimental and
culated 2p core-level spectra, using parameter values that
consistent with the size of the band gap and with other sp
troscopies as well.52

Our finding that the dilute NiO 2p XPS spectrum is well
reproduced using an Anderson-impurity-like model, provid
strong support for the idea that nonlocal screening proce
are responsible for the double peak structure of the main
of the bulk NiO spectrum. It now becomes also clear why
Ni 2p XPS spectrum of Ni dihalides show a single peak
the main line which can be well explained using single-s
approaches.2,3,57 While in bulk NiO each Ni ion is sur-
rounded by six Ni ions with 180° Ni-O-Ni bond angle an
12 Ni ions with 90°, in the dihalides each Ni ion is su
rounded only by six Ni ions with 90° Ni-halogen-Ni bon
angle. Realizing also that the largest transfer integral belo
to the 180° bonds, one can expect that inter-Ni-site hopp
processes are very strongly reduced in the dihalides. I
therefore not surprising that the Ni 2p XPS spectra of NiCl2
or NiBr2 ~see Ref. 7! show more similarities with the diluted
NiO than the bulk NiO spectrum. Moreover, the fact that t
Slater-Koster parameters (pds) and (pdp) are also smaller
in the dihalides than in NiO2 helps to make the dihalides loo
more like an impurity system. In comparing La2NiO4 with
NiO, one observes that the main line of the Ni 2p spectrum
of the nickelate is sharper.42,58 This is also consistent with
the nonlocal screening model. In the nickelate, each Ni io
surrounded by four Ni ions with a 180° Ni-O-Ni bond ang
and by none with the 90° bond angle. This also constitute
reduction of the effective inter-Ni-site hopping process
compared to bulk NiO. Important is that the width of the N
2p1/2 main line in the nickelate~FWHM53.0–3.5 eV, see
Refs. 42 and 58! is still larger than that of the most dilute
NiO in MgO system~FWHM52.4 eV, see Table I!, consis-
tent with the fact that the presence of four Ni neighbors
the nickelates allows for inter-Ni-site hopping processes.

The double peak structure in the 2p main line of bulk
NiO was ascribed to the presence of two types of sta
namely one of mainly 2p53dn11L character for the lower
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binding energy peak and another of mainly 2p53dn11 where
the ligand hole is transferred from the core ionized site to
next-neighbor cluster, for the higher binding energy pea24

Whether one should follow this one-to-one assignm
literally4 is, however, questionable since the analysis w
made without the inclusion of the full orbital degeneracy a
multiplet interactions, while such is expected to affect t
details of the line shape considerably.33 In addition, our spec-
tra show that the single peak main line of the diluted N
system is positioned around the centroid of the double p
main line of bulk NiO, suggesting that, within this two-sta
assignment, the two states are degenerate in energy and
the two peaks in bulk NiO have in fact about equal amou
of local and nonlocal character.

It was on the basis of the Ni 3s XPS analysis of bulk NiO
that Sangaletti, Depero, and Parmigiani42 concluded that
nonlocal screening effects are not needed to explain the s
tra and that perhaps these effects are even nonexiste
Ni21 compounds. They were able to reproduce the 3s spec-
tra quite well using a single-site Anderson impurity mod
Calculations by Atanasov and Reinen,32 on the other hand
predict that the Ni 3s spectrum for a NiO impurity is differ-
ent from that for a system in which nonlocal screening
fects are present. In Fig. 6 we present bulk NiO 3s and 2p

FIG. 6. Ni 3s and 2p core-level XPS spectra of anin situ
cleaved NiO single crystal. The two spectra are plotted on the s
eV/inch scale for the energy axis.
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spectra which were taken under identical conditions of thein
situ cleaved NiO single crystal. The line shapes of the sp
tra are quite different due to differences in the 3s-3d and
2p-3d multiplet interactions, leading to different multi
plet structures and satellite intensities, as well as due to
ferent lifetime broadenings. The important point of the co
parison is that all in all the features in the 3s spectrum are
much broader than those in the 2p. It is therefore likely that
this broadening will wash out the differences between
impurity and a bulk system. Perhaps one has to conclude
3s XPS is not as informative as the 2p with regard to the
nonlocal screening issue.

V. CONCLUSIONS

We have presented a high-resolution core-level X
study of NixMg12xO crystals with 0.03,x,1. We have
shown that in bulk NiO the intersite interactions betwe
neighboring Ni ions have a strong influence on the 2p core-
level line shape, particularly in the region of the main line
whereas in the dilute limit the core-level spectra are prope
described by an Anderson impurity Hamiltonian provided
includes a realistic band structure for the O 2p. Moreover, it
is only in this limit that a single-site model can explain th
core-level and valence-band spectra, as well as the op
data, by using one consistent set of parameter values. T
results consolidate the concept of nonlocal screen
strongly supporting the existence and importance of inter
charge-transfer excitations, and provide an important con
bution to the understanding of the electronic structure of N
and other strongly correlated materials.
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