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Using site-specific soft x-ray emission and absorption spectroscopy in conjunction with site-specific x-ray
photoelectron spectroscopy, we present measurements of the valence and conduction band states of NiO.
Significant hybridization between the Ni and the O electronic states near the Fermi energy is observed through-
out both the valence and conduction bands, in accordance with density-functional theory calculations also
presented. The relationship between our emission and absorption measurements also shows direct similarities
to other techniques used to measure the non-dipole-allowedd-d transitions within NiO, addressing questions
concerning the character of the insulating band gap of this system. NiO has previously been described as a
large-gap, charge-transfer insulator, while our data show the valence and conduction states at the Fermi energy
to be primarily of Nid–character hybridized with a small amount of Op–character states, suggesting a mixture
of charge-transfer and Mott-Hubbard character as described by the Zaanen-Sawatzky-Allen model.

DOI: 10.1103/PhysRevB.71.115113 PACS numberssd: 71.20.Be, 78.70.Dm, 78.70.En, 68.49.Uv

INTRODUCTION

The recent push for innovative magnetic materials has
prompted a number of studies1–4 on first-row transition-metal
monoxides, due to their interesting electronic and magnetic
properties. For many of the properties of these materialssin-
cluding MnO, FeO, and CoOd, NiO has historically been
used as the model system to describe the aspects of their
electronic structures,5,6 although questions still arise as to
theoretical characterizations of the electronic structure and
bonding for NiO and related materials. NiO is a high-spin
antiferromagneticsAFd insulator with a Néel temperature
sTNd of 525 K.7 Its crystal structure is that of rocksalt, which
is cubic aboveTN but becomes a contracted rhombohedral
cell belowTN due to a slight distortion in the direction of the
antiferromagnetic ordering of the adjacent ferromagnetic
planes.8 However, because local magnetic ordering persists
aboveTN, valence band photoemission spectra show no sig-
nificant changes as the sample temperature is raised above
TN.9 NiO has been shown to exhibit magnetostrictive behav-
ior, which is due to the movement of the antiferromagnetic
domains in which the spins are confined within the octahe-
dral planes, although this behavior appears to have a minimal
effect on the coupling of the electron orbitals.10 The concen-
tration of magnetostrictive behavior in the domain walls has
been observed recently by using the absorption of linearly
polarized synchrotron radiation absorption and spectromi-
croscopy at the NiL2 edge to map out AF domain
boundaries.11 Recent theoretical work has also shown NiO to
exhibit subpicosecond switching characteristics,12 illustrating
the potential applications of this material in the field of spin-
tronics.

Many of the problems withab initio calculations on
transition-metal oxides can be traced to the fact that their
partially occupied metald states seem incompatible with
their insulating properties. The electronic structure of NiO is
complicated by strong correlation effects arising from Cou-
lomb repulsion in the partially filled shell, causing a splitting
of the Ni 3d minority band into two Hubbard subbands—
giving rise to ad-d insulating gap and thus making it appro-
priate to designate the compound a Mott-Hubbard insulator.8

Further complexities are introduced by the level of hybrid-
ization schemical bondingd between the Ni 3d and Op states
in the valence and conduction bands. Experiments and theo-
retical calculations have suggested that the insulating char-
acter of NiO arises from a charge-transfer mechanism with
both localized and delocalized states;13 however, band struc-
ture calculations based on this model generally report a band
gap of ,0.2 eV,14 which is much smaller than that usually
found experimentallys,4 eVd.15–17 Although this discrep-
ancy has been shown to arise from derivative discontinuities
of the exchange-correlation energy within density-functional
theory sDFTd which occur when working with insulating
systems,18 attempts to adjust calculations to reconcile with
experimental results have yet to present a definitive
solution.14,19

One issue at the heart of this matter is the inability of
most modern spectroscopic techniques to directly measure
the so-called “d-d gap” between the Hubbard-split minority
3d states in Ni, owing to the restrictions of the dipole ap-
proximationsD,= ±1d. Measuring dipole-allowed transitions
across the Fermi energy would describe the optical gap be-
tween valence and conduction states; however, it does not
necessarily measure the true insulating band gap, defined as
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the energy difference between occupied and unoccupied
electronic states. Several techniques have recently been de-
veloped with the intent of measuring transitions across the
insulating band gap by circumventing the dipole restrictions
or performing measurements at low energies where dipole
restrictions are relaxed. While soft x-ray emission spectros-
copy is subject to the dipole selection rules, the use of con-
junctional techniques such as resonant inelastic x-ray scatter-
ing near the absorption threshold allow direct measurements
of thed-d gap in strongly correlated materials2,20 comparable
to excitations measured by low-energy techniques such as
second-harmonic generation21,22 sSHGd and spin-polarized
electron energy-loss spectroscopysSPEELSd.23,24

Using several different spectroscopic techniques we have
measured the electronic valence states at the Fermi energy
sEFd of NiO in order to develop a more complete picture of
the Ni 3d–O 2p hybridization within this region and further
discuss issues concerning the measurement and characteriza-
tion of optical and insulating band gaps. Soft x-ray emission
and absorption spectroscopysXES and XAS, respectivelyd
provide the ability to measure excitations across the Fermi
edge and probe element- and site-specific states in both the
valence and conduction bands of NiO. XAS, or more specifi-
cally near-edge x-ray absorption fine structuresNEXAFSd
spectroscopy, involves the photon excitation of a core-level
electron into the conduction band of the material, mapping
the absorbing states aboveEF. XES is a first-order process
occurring when an electron from a higher-energy state fills a
core hole left by the photoexcitation of a core-level electron,
releasing a photon in the process. By measuring the energy
of the emitted photons, one can map the excited state prop-
erties of the system’s valence band. Figure 1 contains two
diagrams describing resonantsad and nonresonantsbd x-ray
measurements of NiO. The ground statesGSd of NiO is
mixed, consisting of a linear combination of the normal
ground statesVd8d and a charge-transfer statesVd9Lp d. There
is also understood to be a small admixture ofVd10Lp

2 states
that will not be discussed in this description. The quantityV
denotes the valence band andLp represents a ligand hole. The
valence bandsVd shown in Fig. 1 is composed of mostly O
2p states and hybridized Ni 3d states, with the more local-
ized 3d band being depicted by the shaded narrow rect-
angles, lying at slightly higher energies than the O 2p band,
shown as hollow rectangles. Resonant excitationfFig. 1sadg
involves the absorption of an x-ray producing a core holescId
and an electron in the conduction band, yielding a NEXAFS
describing the conduction states as presented in this paper.
These states may relax via elastic or inelastic scattering in
resonant x-ray emission spectroscopysRXESd or Auger
emission snot shownd, producing a spectrum whose final
state may result in the transfer of an electron to an excited
state having the same parity as the ground statesd-d excita-
tionsd. Resonant x-ray emission measurements have recently
been reported25 describing charge-transfer andd-d transfer
processes in NiO.

The emission measurements presented in this study are
concerned with the nonresonant excitation of electrons in
NiO, a process depicted in Fig. 1sbd. In this situation, the
initial state for the x-ray process is the removal of a core

electron by x-ray absorption, allowing the excited state to
relax part of the time by x-ray emission to the final states
shown at the far right of Fig. 1sbd. The site specificity of the
XAS and XES processes is advantageous over standard pho-
toemission measurements, which give generalized valence
band information without regard to the atom or site. We also
present a comparison of XES spectra with measurements of
NiO using site-specific x-ray photoelectron spectroscopy
sSSXPSd,26 a technique that can directly obtain individual
atom-enhanced valence band information by generating a
standing wave of incident and reflected x-ray beams near an
x-ray Bragg reflection and placing the maxima of the
electric-field intensity on the desired atom within the unit
cell to measure the x-ray photoelectron spectra from that
site.27 The x-ray photoelectron spectroscopy process occurs
with a photon being absorbed by a valence band electron in
the ground state, resulting in the ejection of the electron from
the material, giving a final state identical to that which is
produced by XES, as displayed in Fig. 1sbd.

By comparing the above described experimental tech-
niques with density-functional theory electronic structure
calculations, we find that NiO has characteristics of both a
charge-transfer insulator and a Mott-Hubbard insulator ow-
ing to the high level of hybridization between Ni 3d and Op
states both above and belowEF. The magnitude of the insu-
lating and optical gaps from our measurements is shown to
be comparable to that measured by other techniques.

FIG. 1. Electronic diagrams describing ground and final states
for resonantsad and nonresonantsbd excitation measurement pro-
cesses in NiO. In this diagram,V indicates valence band electrons,
the arrows represent photon absorption or emission, andcp and cp
denote core and ligand holes, respectively.
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EXPERIMENT AND CALCULATIONS

All measurements presented here were performed on a
NiO single-crystal sample; measurements performed on
powdered NiO samples showed no difference from the
single-crystal measurements. The XES and XAS measure-
ments were made at beamline 8.0.1 of the Advanced Light
Source located at Lawrence Berkeley Laboratory, which is
an undulator beamline equipped with a spherical grating
monochromator as described by Jiaet al.28 The experimental
configuration consisted of linearly polarized, monochromatic
soft x rays directed onto a sample to generate core-electron
excitations. Photons that have fluoresced from the sample
pass into the spectrometer chamber, where a spherical grat-
ing diffracts them to a multichannel detector positioned
along the Rowland circle to obtain the desired energy range.
The angle of incidence for the sample was set to 45° in order
to maximize detection of the emitting photons; measure-
ments performed at other sample angles exhibited no dis-
cernable spectral variation.29 The incident and emitted pho-
ton energies were calibrated to within 0.5 eV accuracy using
previously published30–32 energy values. The SSXPS mea-
surements were performed on beamline X24a of the National
Synchrotron Light Source. The Nis001d crystal was aligned
so that thes111d diffracting planes were normal to the syn-
chrotron beam and the electron-emission spectra were re-
corded with a multichannel hemispherical analyzer. Photo-
electron spectra were collected at different photon energies
around the Bragg condition by setting the photon energy and
scanning the electron analyzer in a high-resolution mode. In
these measurements, the electron energy resolution was
,0.35 eV and the photon energy width was,0.45 eV. De-
tails of the SSXPS experimental process have been published
elsewhere.26

The Ni 3d and O 2p density of statessDOSd were calcu-
lated by means of theWIEN97 code33 employing the full-
potential linear augmented plane-wave method within DFT.
The exchange-correlation term was treated using the gener-
alized gradient approximationsGGAd,34 which deals with ra-
dial and angular gradient corrections, and has been shown to
be superior to the corresponding local-density approximation
sLDA d in determining the structural properties of transition
metals.35 Our GGA calculation was performed without the
use of a HubbardU parameter36 which is used in conjunction
with the LDA to account for the strongd-d Coulomb inter-
actions that split the Ni 3d band and open the insulating gap
wider than standard DFT models usually predict. With the
exception of predicting a smaller band gap, our DOS closely
resembles LDA calculations using a Hubbard parameterU
=5 eV, while similar calculations withU=8 eV display a
very different gap width and insulating character than our
calculations.37

RESULTS

Figure 2 shows our calculated DOS of NiO describing
states near the Fermi edge. In this figure, the Ni 3d DOS is
split into the spin-polarized majoritys↑d and minority s↓d
spin states, while the Op states are not spin resolved. The
calculation produces an antiferromagnetic ground state with

a band gap of about 1.2 eV, having the largest density of
states above and below the Fermi energysEF=0 eVd belong-
ing to the Ni 3d band. The greatest weight of Op states in
the valence band is located at −5 eV, and in the conduction
band at 1.5 eV. The diminished spectral weight of the Op
states nearEF suggests that the insulating gap is character-
ized mainly byd-d excitations in the Ni atoms, implying a
gap of Mott-Hubbard type. However, a large level ofp-d
hybridization between the O and Ni ions is evident through-
out the DOS plot, with nearly complete hybridization at the
main O sites−5 eVd, and the O states making small contri-
butions just below and above the Fermi edge. The O 2p
states are hybridized mainly with Ni 3d majority spin states
at energies well belowEF, and with minority spin states at
and aboveEF. Though the weight of these hybridized O
states is small near the Fermi edge, they could imply an
insulating gap containing a level of charge-transfer character.

In Fig. 3 we show a comparison of the calculated DOSsad
from Fig. 2 with a convolution of the DOSsbd, and XES
measurements of NiO describing valence states near the
Fermi edgescd. In plot sad the Ni 3d DOS sshaded grayd is
displayed as the sum of the majority and minority spin states
for comparison with the XES measurements, which are in-
sensitive to spin polarization. In order to compare our calcu-
lated partial DOSsPDOSd to XES measurements of the va-
lence band, Fig. 3sbd shows the result of a convolution of the
DOS from Fig. 3sad with a Gaussian function of widthsfull
width at half maximum 1.50 eV for O states, 2.75 eV for Ni
statesd comparable to the resolution of our emission mea-
surementssE/DE=300d. In the convolved PDOS plots we
see a small O peak just below the Fermi energy which is
aligned with the main peak of the convolved Ni PDOS, in-
dicating a significant contribution of the O states resulting
from their hybridization with the Ni 3d states at the top of
the valence band, particularly the Ni 3d minority spin states
which have the largest presence at that energy. A similar
effect is seen at the main peak of the convolved O 2p PDOS,
where a low-energy shoulder in the Ni 3d spectrum is
aligned with the main peak of the O 2p spectra, indicating
significant hybridization between Ni and O electronic states
at higher binding energies as well.

FIG. 2. DFT-calculated partial densities of states for Op states
and spin-polarized Nid states near the Fermi energys0 eVd. Hy-
bridization between the O and Ni states is seen throughout the spec-
tra, and initial peaks below and aboveEF are Ni 3d minority spin
states.
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Comparable features are seen in our site-specific XES re-
sults in Fig. 3scd, with measurements of the NiL3 emission
sshaded grayd and the OK emissionsshaded blackd. The
XES measurements displayed in Fig. 3scd are the result of
valence band electrons filling core holes in Ni or O
s2p53d8→2p63d7 or 1s12p6→1s22p5, respectivelyd resulting
in an excited final state consisting of a valence hole. The
excitation energy producing the core hole was set well above
the binding energy required in order to eliminate resonant
processes, and the measured spectra have been scaled to
match the relative intensities of the convolved DOS, which
are also in accordance with theoretical atomic cross
sections.38 The Ni spectra shows one major peak located
about 1 eV belowEF representing emission from 3d valence
sites, which overlaps the Fermi energy due to the limited
resolution of the spectrometer. The O emission plot shows
deexcitation from the 2p valence levels, with one main peak
located approximately 4 eV belowEF and a lower-intensity
shoulder aligned with the aforementioned Ni 3d peak, show-
ing the hybridization between the states just below the Fermi
edge. The peak structures and energy positions in plotssbd
and scd are in good agreement, leading us to conclude that
our DFT GGA calculation provides a suitable model for
measurement comparison. Our placement of the valence
band maximumsEFd according to the calculated DOS is in
accordance with arguments provided by Hüfneret al.,39 who
stated that it should be placed immediately above the highest
valence band states, whereas experimental resolution factors
may cause measurements to overlap the Fermi edge as
shown in our spectra.

The ability to determine the valence band maximum of
our measurements allows comparison to other experimental
measurement techniques, such as photoemission spectra and

EELS spectra. Figure 4 shows the XES measurements previ-
ously displayed in Fig. 3scd compared with site-specific x-ray
photoemission spectroscopy measurements also performed
on NiO.26 Unlike XES, XPS samples states of all angular
momenta and can allow a higher-resolution spectral picture
of the valence band. The spectra presented in Fig. 4 display
the valence band of ionic NiO recorded near the NiOs111d
Bragg back-reflection condition with the electric-field inten-
sity maximum positioned to give atom-enhanced photoelec-
tron spectra of the Ni and O valence electrons. The spectra
have been normalized to the height of the peak denoting the
O 2s statess−21 eVd for comparison atEF. The spectra show
strong resemblance to the XES measurements, with the Ni
3d peak located,1 eV belowEF, and peaks at lower kinetic
energy representing the O 2p states. These spectra also sug-
gest that the contribution of the O 2p states to the valence
band is very small compared to that of the Ni 3d states,
similar to the contribution level produced by our calculated
DOS as well as the theoretical atomic cross sections.38

The level of hybridization between oxygen and nickel
states belowEF is obvious from our measurements, and the
specific peak overlap between O and Ni measurements can
be seen at several points throughout Figs. 3 and 4. From the
XES plots we see a high-energy shoulder associated with the
O K emission peak located at nearly the same energy posi-
tion as the NiL3 emission peaks−1 eVd, indicating O 2p
states mixing with the Ni 3d states nearEF. The L3 peak of
the Ni spectrum also presents a slight low-energy peak
aligned with the main peak of the O spectrums−4.5 eVd as
well as a general asymmetrical broadening of the low-energy
side of the peak maximum, all of which are suggestive of the
influence of Op valence electron states on the Ni 3d states.
The hybridization between the electron states belowEF is
evident in the site-enhanced spectra, where the general spec-
tral structure is nearly identical regardless of the elemental
atoms being targeted. The only significant variation between
the two spectra is the intensity of the peak structure between
−15 and 0 eVsEFd representing the Ni 3d and O 2p states,
indicating an almost complete hybridization between Ni and
O states above the O 2s electron level. The SSXPS spectra
portray a situation very similar to that which is shown in the
calculated DOS spectra, where the O 2p states which make

FIG. 3. Calculated PDOSsad for Ni stop spectra, shaded grayd
and Osbottom spectra, shaded blackd sites and the convolutionsbd
of the DOS to resemble spectral resolution, compared with experi-
mental XES measurementsscd. The transitions displayed in plotscd
arecps2pdVd8→Vd7 sNi spectrad andcps1sdVp4→Vp3 sO spectrad in
regard to Fig. 1sbd.

FIG. 4. A comparison of valence state measurements using XES
and SSXPS experimental techniques. The spectra show comparable
peak structure just below the valence band maximums0 eVd, and
the Ni and O SSXPS spectra show nearly complete hybridization.
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up only a small proportion of the valence band states are
completely hybridized with the larger number of Ni 3d
states.

X-ray absorption measurements shown in Fig. 5 suggest
that this hybridization is not limited to the valence band of
NiO, and some hybridization is present in the core-hole ex-
cited states aboveEF. The XAS sNEXAFSd measurements
displayed in this figure are total electron yield absorption
spectra for the NiL2,3 edge and the OK edge of our NiO
single-crystal sample. The energy positions of these spectra
have been scaled according to their respective valence band
maxima, which were determined from a comparison between
our XES measurements and the convolution of the corre-
sponding DOS spectra. The zero-energy point in this plot
sindicating the Fermi energyd is set at the same absolute en-
ergy as in the XES measurements displayed in Fig. 3scd. The
intensity of the spectra has also been scaled to reflect the
respective absorption coefficients of the elements involved.38

The structure of the Ni spectra is determined by the
dipole-allowed transition from the subset of ground states
s2p63d8, 2p63d9Lp , and 2p63d10Lp 2, whereLp denotes a ligand
holed to a subset of final states consisting ofs2p53d9d struc-
ture and related statess2p53d10Lp and 2p53d10Lp 24sd, which
are subject atomic spin-orbit, Coulomb exchange, and
crystal-field interactions. Of primary concern are the peaks
near theL3 absorption edge of Ni, which correspond to the
absorption of 2p3/2 spin-orbit-coupled core electrons and rep-
resents the bottom of the Ni conduction band in the presence
of a 2p hole in our measurement. The major NiL3 peak
located,2.5 eV aboveEF and its subsequent minor peak
s,4.3 eVd can be attributed to the lowest-energy multiplets
of the final state configurations2p53d9d which includes a
crystal-field splitting terms10Dqd of about 2 eV. The ap-
pearance of additional peaks above the mainL3 absorption
peak is produced by the presence of the charge-transfer
state40 s3d9Lp d and additional terms of the 2p53d9 configura-
tion modified by the crystal field.41 The initial peak of the O
K-edge absorption spectra can be attributed to the hybridized
O 2p weight in states of the transition-metal 3d band, as

observed by its alignment with the Ni 3d spectra approxi-
mately 2.5 eV aboveEF. The spectral structure beginning
5 eV above the absorption threshold and extending as far as
20 eV into the conduction band and continuum states repre-
sents the hybridization of the Op states with the Ni 4s and
4p states.31 The comparison of these measurements re-
sembles EELS measurements performed at the NiK edge, Ni
L2,3 edge, and OK edge by Grunes,42 which show states ofp
charactersfrom K-edge measurementsd aligned with the ini-
tial peak of the NiL2,3 EELS spectra, which is a measure of
d-character states.

Throughout these spectra we see several points suggestive
of hybridization between the Ni and O electronic conduction
states. From the obvious overlap of the initial peaks at
2.5 eV to the small feature at,17 eV, nearly every feature
in the OK absorption spectrum shows a corresponding fea-
ture in the NiL2,3 absorption spectrum. Obviously, the most
significant of these is the overlap of the initial peaks in each
spectrum, indicating a substantial mixing ofd-character and
p-character states immediately above the Fermi edge. As
shown by our DOS calculations, the number of Op states is
considered small compared to the number of Ni 3d states;
however, this hybridization again raises questions concerning
the characterization of the states making up the top and bot-
tom of the insulating gap in NiO. There are several points at
which hybridization appears to be noticeably lacking, spe-
cifically the second and third peaks of the Ni spectras4.3 and
5.8 eV, respectivelyd, which are attributed to excited state
multiplets of Ni states, and the largest peak of the O spectra
s11.0 eVd, attributed to hybridization of Op states with Ni
4s and 4p states, which are not detected by dipole-restricted
XAS measurements in the Ni spectrum, as has been previ-
ously suggested.40

The hybridization of valence states atEF has direct impact
on the problem of characterizing the insulating gap as being
of d-d or charge-transfer type. Past attempts at definitive
measurements claim NiO to be a charge-transfer insulator
with a large insulating gapfranging from 3.8sRef. 15d to
4.2 eV sRef. 17dg. However, most measurement techniques
are subject to dipole restrictions which do not allow direct
measurements of thed-d gap arising from the Hubbard-split
Ni 3d band. Such measurements would consistently result in
optical transitions between states ofp andd character, or in
this case, charge-transfer transitions between the Nid and O
p states nearEF.

From our data presented in Figs. 3 and 4 it is evident that
the top of the valence band consists primarily ofd-character
electron states, as has also been shown in results from other
photoemission experiments.43,44 Spectra in Fig. 5 also show
the bottom of the conduction band to be of mostlyd charac-
ter, which is displayed in previously measured bremsstrah-
lung isochromat spectroscopysBISd spectra.39,45Studies con-
cerning the magnitude of the insulating gap also lend support
to the notion of it being characterized as ad-d gap with
measurements of the energy difference between the
Hubbard-splitd minority bands being smaller than that of the
charge-transfer transition. Resonant x-ray emission spectros-
copy measurements also performed on our NiO single-
crystal sample,29 similar to previously published
measurements,25 show features corresponding to an absorp-

FIG. 5. X-ray absorptionsNEXAFSd spectra measuring the con-
duction states ofd charactersNi L2,3d andp charactersO Kd above
EF s0 eVd. Hybridization betweenp andd states is seen throughout
the spectra, most notably at the initial peaks2.5 eVd indicating a
mixture of d-d and charge-transfer insulating character. The transi-
tions displayed in this figure areVd8→cps2pdVd9 sNi spectrad and
Vp4→cps1sdVp5 sO spectrad in regard to Fig. 1sad.
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tion and emission energy loss of approximately 2 eV, a mag-
nitude similar to results for thed-d transition energy
s,2 eVd from SPEELS measurements,23 SHG mea-
surements,21 and optical absorption measurements.46 The
magnitude of the dipole-allowed, charge-transfer optical gap
between states of primarily Op and Nid character appears to
be considerably largers,6 eVd than the gap between prima-
rily d-character states. A second energy-loss peak is observed
in the RXES measurements with a losss,5 eVd in the spec-
tral region where charge-transfer excitations are expected.

In measurements such as ours, excitonic effects inherent
in the core-level x-ray processes can heavily influence the
measured gap between the emitting and absorbing states. The
Coulomb interaction between an excited electron coupled
with the core-hole created influences the electron’s binding
energy,47 and the intermediate state configuration resulting
from core-level absorption is not equivalent to the configu-
ration required for an absolute measurement of the transition
across the insulating gap, due to a remaining Ni 2p core hole
in what should be a complete shell. For this reason we can-
not claim our comparison of absorption and emission spectra
to be a measure of the true magnitude of the valence or
conduction band gap of NiO. Although our NEXAFS absorp-
tion measurements show similarities to measurements per-
formed using BIS, the ability to place an electron in an un-
occupied state without creating a hole makes BIS a valid
measurement of the conduction band.45

Our DOS calculations and XES and XASsNEXAFSd
measurements suggest that the number of Op states nearEF
is much smallersapproximately 10%d than the number of Ni
d states, a difference also amplified in the XES and XAS
measurements by the dipole selection rule, which filters out
emission and absorption states ofp character at the NiL2,3
edge and states ofd and s character at the OK edge. Our
valence band measurements show no support for the notion
that there is a definite band of O states between Hubbard-
U-split Ni d states and the Fermi energy,39,43 implying the
insulating gap to be characterized byd-d transfer. However,
the presence of Op states at the top of the valence and

bottom of the conduction band combined with the nearly
complete valence band hybridization displayed in the SSXPS
measurements suggest the possibility of charge-transfer ex-
citations across the band gap. Therefore we cannot simply
assume NiO to be an insulator of Mott-Hubbard type based
on the majority of states being Ni 3d states, it also has the
properties of a charge-transfer system, befitting the interme-
diate region of the Zaanen-Sawatzky-AllensZSAd model.48

CONCLUSIONS

We have measured valence and excited states of NiO us-
ing atom- and site-specific XES and XASsNEXAFSd, and
atom-enhanced SSXPS. By comparing our measurements to
DOS calculations using the GGA within the DFT, we show
valence as well as excited states to be nearly completely
hybridized between Ni and O sites in ionic NiO. From this
information we feel that the hybridization greatly affects
characterization of the insulating gap in NiO, and suggests a
combination Mott-Hubbard and charge-transfer character, as
described by the ZSA model. While not representative of a
true band gap measurement, our results show an insulating
gap magnitude similar to other techniques used to measure
d-d excitations in Hubbard split systems, and a considerably
larger optical gap magnitude of charge-transfer excitations
between Op and Ni d states.
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