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Character of the insulating state in NiO: A mixture of charge-transfer
and Mott-Hubbard character
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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-all@agtransitions 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 ofp©character states, suggesting a mixture
of charge-transfer and Mott-Hubbard character as described by the Zaanen-Sawatzky-Allen model.
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INTRODUCTION Many of the problems withab initio calculations on
transition-metal oxides can be traced to the fact that their
The recent push for innovative magnetic materials hasgpartially occupied metall states seem incompatible with
prompted a number of studied on first-row transition-metal their insulating properties. The electronic structure of NiO is
monoxides, due to their interesting electronic and magneticomplicated by strong correlation effects arising from Cou-
properties. For many of the properties of these matetials lomb repulsion in the partially filled shell, causing a splitting
cluding MnO, FeO, and CoQ NiO has historically been of the Ni 3 minority band into two Hubbard subbands—
used as the model system to describe the aspects of thejiving rise to ad-d insulating gap and thus making it appro-
electronic structure3® although questions still arise as to priate to designate the compound a Mott-Hubbard insufator.
theoretical characterizations of the electronic structure ané&urther complexities are introduced by the level of hybrid-
bonding for NiO and related materials. NiO is a high-spinization (chemical bondingbetween the Ni 8 and Op states
antiferromagnetic(AF) insulator with a Néel temperature in the valence and conduction bands. Experiments and theo-
(Ty) of 525 K. Its crystal structure is that of rocksalt, which retical calculations have suggested that the insulating char-
is cubic aboveTy but becomes a contracted rhombohedralacter of NiO arises from a charge-transfer mechanism with
cell belowTy due to a slight distortion in the direction of the both localized and delocalized staté$iowever, band struc-
antiferromagnetic ordering of the adjacent ferromagnetidure calculations based on this model generally report a band
planes® However, because local magnetic ordering persistgap of ~0.2 eV}* which is much smaller than that usually
aboveT), valence band photoemission spectra show no sigfound experimentally(~4 eV).1>17 Although this discrep-
nificant changes as the sample temperature is raised aboaacy has been shown to arise from derivative discontinuities
Tn-2 NiO has been shown to exhibit magnetostrictive behav-of the exchange-correlation energy within density-functional
ior, which is due to the movement of the antiferromagnetictheory (DFT) which occur when working with insulating
domains in which the spins are confined within the octahesystemd? attempts to adjust calculations to reconcile with
dral planes, although this behavior appears to have a minima&xperimental results have yet to present a definitive
effect on the coupling of the electron orbitafsThe concen-  solution!#+1°
tration of magnetostrictive behavior in the domain walls has One issue at the heart of this matter is the inability of
been observed recently by using the absorption of linearlynost modern spectroscopic techniques to directly measure
polarized synchrotron radiation absorption and spectromithe so-called d8-d gap” between the Hubbard-split minority
croscopy at the NiL, edge to map out AF domain 3d states in Ni, owing to the restrictions of the dipole ap-
boundaries! Recent theoretical work has also shown NiO to proximation(A¢=+1). Measuring dipole-allowed transitions
exhibit subpicosecond switching characteristfe#iustrating  across the Fermi energy would describe the optical gap be-
the potential applications of this material in the field of spin-tween valence and conduction states; however, it does not
tronics. necessarily measure the true insulating band gap, defined as
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the energy difference between occupied and unoccupied (a) Resonant Excitation
electronic states. .Several techmqqes have .r.ecently been de- GS  NEXAFS RXES
veloped with the intent of measuring transitions across the
insulating band gap by circumventing the dipole restrictions & —_
or performin ts at | i here dipole § — ¢ cVdiL
p g measurements at low energies where dipole g oy V9% o
restrictions are relaxed. While soft x-ray emission spectros- g =
copy is subject to the dipole selection rules, the use of con- g |:|}£V(2p)d9
junctional techniques such as resonant inelastic x-ray scatter-
ing near the absorption threshold allow direct measurements & VEL — VL
fthed-d gap i ! lated Ak b 2 [y (== ver{ g = ok
of thed-d gap in strongly correlated materials comparable = |vepys {IZI = _Va[ :I}Vdg
to excitations measured by low-energy techniques such as V"d°{|:| L

>
L

Energy (not to scale)

second-harmonic generatfdrf? (SHG) and spin-polarized *Excited state

(d-d transition)

electron energy-loss spectroscaiSPEELS.2324 (b) Non-Resonant Excitation
Using several different spectroscopic techniques we have

measured the electronic valence states at the Fermi energy GS X48 XES, XPS

(Er) of NiO in order to develop a more complete picture of

the Ni 3d—O 2p hybridization within this region and further E} V&L

discuss issues concerning the measurement and characteriza- s &

tion of optical and insulating band gaps. Soft x-ray emission f E} V2p)d®

and absorption spectroscog}ES and XAS, respectively %,

provide the ability to measure excitations across the Fermi VoL —— f hy

edge and probe element- and site-specific states in both the V@p)d* {E \ g

valence and conduction bands of NiO. XAS, or more specifi- EVdsé

cally near-edge x-ray absorption fine structiNEXAFS) VAigh {E |:|} vd’

spectroscopy, involves the photon excitation of a core-level

electron Int.o the conduction band _Of th? material, mapping FIG. 1. Electronic diagrams describing ground and final states

the ab'sorblng states abot#g. XES IS a first-order ProCess o1 resonant(a) and nonresonartb) excitation measurement pro-

occurring when an electron from a higher-energy state fills esses in NiO. In this diagrar, indicates valence band electrons,

core hole left by the photoexcitation of a core-level electronhe arrows represent photon absorption or emission, caedd ¢

releasing a photon in the process. By measuring the energygnote core and ligand holes, respectively.

of the emitted photons, one can map the excited state prop-

erties of the system’s valence band. Figure 1 contains two

diagrams describing resonafe) and nonresonar(b) x-ray  electron by x-ray absorption, allowing the excited state to

measurements of NiO. The ground std@S of NiO is  relax part of the time by x-ray emission to the final states

mixed, consisting of a linear combination of the normalshown at the far right of Fig.(b). The site specificity of the

ground statéVcP) and a charge-transfer statéd’L). There  xAS and XES processes is advantageous over standard pho-

is also understood to be a small admixtureVaf'%? states  toemission measurements, which give generalized valence

that will not be discussed in this description. The quar¥ity band information without regard to the atom or site. We also

denotes the valence band andepresents a ligand hole. The present a comparison of XES spectra with measurements of

valence bandV) shown in Fig. 1 is composed of mostly O NiO using site-specific x-ray photoelectron spectroscopy

2p states and hybridized Nid3states, with the more local- (SSXPS,% a technique that can directly obtain individual

ized 3 band being depicted by the shaded narrow rectatom-enhanced valence band information by generating a

angles, lying at slightly higher energies than the @hand, standing wave of incident and reflected x-ray beams near an

shown as hollow rectangles. Resonant excitatieig. 1(a)]  x-ray Bragg reflection and placing the maxima of the

involves the absorption of an x-ray producing a core tfgle electric-field intensity on the desired atom within the unit

and an electron in the conduction band, yielding a NEXAFScell to measure the x-ray photoelectron spectra from that

describing the conduction states as presented in this papaite?’ The x-ray photoelectron spectroscopy process occurs

These states may relax via elastic or inelastic scattering iwith a photon being absorbed by a valence band electron in

resonant Xx-ray emission spectroscofXES) or Auger the ground state, resulting in the ejection of the electron from

emission (not shown, producing a spectrum whose final the material, giving a final state identical to that which is

state may result in the transfer of an electron to an exciteghroduced by XES, as displayed in Figbl

state having the same parity as the ground i excita- By comparing the above described experimental tech-

tions). Resonant x-ray emission measurements have recentljiqgues with density-functional theory electronic structure

been reportett describing charge-transfer antld transfer  calculations, we find that NiO has characteristics of both a

processes in NiO. charge-transfer insulator and a Mott-Hubbard insulator ow-

The emission measurements presented in this study aigg to the high level of hybridization between Nil&nd Op

concerned with the nonresonant excitation of electrons irstates both above and beld®. The magnitude of the insu-

NiO, a process depicted in Fig(d). In this situation, the lating and optical gaps from our measurements is shown to

initial state for the x-ray process is the removal of a corebe comparable to that measured by other techniques.

115113-2



CHARACTER OF THE INSULATING STATE IN NiO... PHYSICAL REVIEW B 71, 115113(2005

EXPERIMENT AND CALCULATIONS

=
R

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 étzal 22 The experimental
configuration consisted of linearly polarized, monochromatic
soft x rays directed onto a sample to generate core-electron 16 8 %
excitations. Photons that have fluoresced from the sample

pass into the spectrometer chamber, where a spherical grat- FIG. 2. DFT-calculated partial densities of states fop Gtates

ing diffracts them tp a multichannel de?ector positionedand spin-polarized Nd states near the Fermi ener@ eV). Hy-

_T_lrc]mg thle R?\.Nla.gd CIrCIfe t?hObtam tTe deswe? te”fégY ran(gl(_:‘tjridization between the O and Ni states is seen throughout the spec-
€ angie ot incidence for the samp’e was set to Inor et'i’a, and initial peaks below and abofzg are Ni 3 minority spin

to maximize detection of the emitting photons; measure-

ments performed at other sample angles exhibited no dissitates'

cernable spectral variatid.The incident and emitted pho- a band gap of about 1.2 eV, having the largest density of
ton energies were calibrated to within 0.5 eV accuracy usingtates above and below the Fermi endligy=0 eV) belong-
previously publishe®32 energy values. The SSXPS mea- ing to the Ni 3l band. The greatest weight of Pstates in
surements were performed on beamline X24a of the Nationdhe valence band is located at -5 eV, and in the conduction
Synchrotron Light Source. The {i01) crystal was aligned band at 1.5 eV. The diminished spectral weight of thep O
so that the(111) diffracting planes were normal to the syn- States neaEg suggests that the insulating gap is character-
chrotron beam and the electron-emission spectra were rézed mainly byd-d excitations in the Ni atoms, implying a
corded with a multichannel hemispherical analyzer. Photogap of Mott-Hubbard type. However, a large level md
electron spectra were collected at different photon energieybridization between the O and Ni ions is evident through-
around the Bragg condition by setting the photon energy an8ut the DOS plot, with nearly complete hybridization at the
scanning the electron analyzer in a high-resolution mode. 1f1&in O site(=5 eV), and the O states making small contri-
these measurements, the electron energy resolution w&itions just below and above the Fermi edge. The [D 2
~0.35 eV and the photon energy width wa®.45 eV. De-  States are hybridized mainly Wlth Nd:linaj'orlty spin states
tails of the SSXPS experimental process have been publishéi energies well belovg, and with minority spin states at
elsewheres and aboveEr. Though the weight of these hybridized O

The Ni 3d and O 2 density of state$DOS) were calcu- states is small near the Fermi edge, they could imply an
lated by means of theviEns? codé® employing the full- insulating gap containing a level of charge-transfer character.
potential linear augmented plane-wave method within DFT, N Fig. 3 we show a comparison of the calculated D@S
The exchange-correlation term was treated using the genefom Fig. 2 with a convolution of the DO%b), and XES
alized gradient approximatiof@GA),3* which deals with ra- measurements of NiO describing valence states near the
dial and angular gradient corrections, and has been shown fcemi €dge(c). In plot (a) the Ni 3d DOS (shaded grayis
be superior to the corresponding local-density approximatioffiSPlayed as the sum of the majority and minority spin states
(LDA) in determining the structural properties of transition for comparison with the XES measurements, which are in-
metals®® Our GGA calculation was performed without the Sensitive to spin polarization. In order to compare our calcu-
use of a Hubbart) parameté¥ which is used in conjunction lated partial DOSPDOS to XES measurements of the va-
with the LDA to account for the strond-d Coulomb inter-  €nce band, Fig. ®) shows the result of a convolution of the
actions that split the Ni@band and open the insulating gap POS from Fig. 38 with a Gaussian function of widttfull
wider than standard DFT models usually predict. With theWidth at half maximum 1.50 eV for O states, 2.75 eV for Ni
exception of predicting a smaller band gap, our DOS closelftat@ comparable to the resolution of our emission mea-
resembles LDA calculations using a Hubbard parameter SurementsE/AE=300. In the convolved PDOS plots we
=5 eV, while similar calculations wittU=8 eV display a S€€ & small O peak just below the Fermi energy which is

very different gap width and insulating character than our@ligned with the main peak of the convolved Ni PDOS, in-
calculations” dicating a significant contribution of the O states resulting

from their hybridization with the Ni 8 states at the top of
RESULTS the valence band, particularly the Nd 3ninority spin states
which have the largest presence at that energy. A similar
Figure 2 shows our calculated DOS of NiO describingeffect is seen at the main peak of the convolvedgPDOS,
states near the Fermi edge. In this figure, the liCBDOS is  where a low-energy shoulder in the Nid 3spectrum is
split into the spin-polarized majority]) and minority (|) aligned with the main peak of the QpZXpectra, indicating
spin states, while the @ states are not spin resolved. The significant hybridization between Ni and O electronic states
calculation produces an antiferromagnetic ground state witlat higher binding energies as well.

—
S N
T T

Density Of States [Arb. Units]
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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 maxin{OneV), and
the Ni and O SSXPS spectra show nearly complete hybridization.

0-12-10-8-6-4-2 E. 2 4 6 , ,
Energy [eV] EELS spectra. I:_lgure 4 shows the XE_S measurements previ-
ously displayed in Fig. @) compared with site-specific x-ray
FIG. 3. Calculated PDOS) for Ni (top spectra, shaded gray Photoemission spectroscopy measurements also performed
and O(bottom spectra, shaded bladites and the convolutiofp) ~ ©n NiO?® Unlike XES, XPS samples states of all angular
of the DOS to resemble spectral resolution, compared with experifomenta and can allow a higher-resolution spectral picture
mental XES measuremen(s. The transitions displayed in plet) ~ Of the valence band. The spectra presented in Fig. 4 display
arec(2p)Ve— Vd’ (Ni spectra andc(1s)Vp*— Vp® (O spectrain  the valence band of ionic NiO recorded near the NiQ1)
regard to Fig. (b). Bragg back-reflection condition with the electric-field inten-

sity maximum positioned to give atom-enhanced photoelec-

Comparable features are seen in our site-specific XES rdron spectra of the Ni and O valence electrons. The spectra
sults in Fig. 3c), with measurements of the Ni; emission have been normalized to the height of the peak denoting the
(shaded grayand the OK emission(shaded black The O 2sstates-21 eV) for comparison aE. The spectra show
XES measurements displayed in Figc)3are the result of strong resemblance to the XES measurements, with the Ni
valence band electrons filling core holes in Ni or O 3dpeak located-1 eV belowEg, and peaks at lower kinetic
(2p°3d®— 2p®3d” or 1s'2p®— 1s?2p°, respectivelyresulting ~ energy representing the Qp 3tates. These spectra also sug-
in an excited final state consisting of a valence hole. Thaest that the contribution of the CpZtates to the valence
excitation energy producing the core hole was set well abovéand is very small compared to that of the Ni States,
the binding energy required in order to eliminate resonansimilar to the contribution level produced by our calculated
processes, and the measured spectra have been scaledD@S as well as the theoretical atomic cross secti®ns.
match the relative intensities of the convolved DOS, which The level of hybridization between oxygen and nickel
are also in accordance with theoretical atomic crosstates belovEe is obvious from our measurements, and the
sections®® The Ni spectra shows one major peak locatedspecific peak overlap between O and Ni measurements can
about 1 eV belovEg representing emission frond3alence be seen at several points throughout Figs. 3 and 4. From the
sites, which overlaps the Fermi energy due to the limitedXES plots we see a high-energy shoulder associated with the
resolution of the spectrometer. The O emission plot show® K emission peak located at nearly the same energy posi-
deexcitation from the @ valence levels, with one main peak tion as the NiL; emission peak-1 eV), indicating O 2
located approximately 4 eV belo®: and a lower-intensity states mixing with the Ni @ states neaEg. The L3 peak of
shoulder aligned with the aforementioned Mi 3eak, show- the Ni spectrum also presents a slight low-energy peak
ing the hybridization between the states just below the Fermaligned with the main peak of the O spectrin#.5 e\) as
edge. The peak structures and energy positions in fipts well as a general asymmetrical broadening of the low-energy
and (c) are in good agreement, leading us to conclude thaside of the peak maximum, all of which are suggestive of the
our DFT GGA calculation provides a suitable model forinfluence of Op valence electron states on the N 8tates.
measurement comparison. Our placement of the valencéhe hybridization between the electron states belwis
band maximum(Eg) according to the calculated DOS is in evident in the site-enhanced spectra, where the general spec-
accordance with arguments provided by Hiifeenl.,®®*who  tral structure is nearly identical regardless of the elemental
stated that it should be placed immediately above the highestoms being targeted. The only significant variation between
valence band states, whereas experimental resolution factolide two spectra is the intensity of the peak structure between
may cause measurements to overlap the Fermi edge ad5 and 0 eV(Eg) representing the Nidand O 2 states,
shown in our spectra. indicating an almost complete hybridization between Ni and

The ability to determine the valence band maximum ofO states above the Gszlectron level. The SSXPS spectra
our measurements allows comparison to other experimentglortray a situation very similar to that which is shown in the
measurement techniques, such as photoemission spectra araculated DOS spectra, where the @ states which make
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20 observed by its alignment with the Nid3spectra approxi-

mately 2.5 eV aboveéEg. 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 @ states with the Ni ¢ and

4p states! The comparison of these measurements re-
sembles EELS measurements performed at thi¢ &lilge, Ni

L, ;edge, and X edge by Grune® which show states qf
character(from K-edge measurementaligned with the ini-

tial peak of the NiL, 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 at17 eV, nearly every feature
Er (0 eV). Hybridization betweem andd states is seen throughout Itrl] rteh(i-:‘n(t)hlé aN?EZZpsgsnofgt?gggr;ei?rﬁvr\rlls. g;&gﬁ;@??ﬁ énr?]cf)ita

th_e spectra, most notably at the |r_ut|al p«_a(éks eV) indicating a -significant of these is the overlap of the initial peaks in each
mixture of d-d and charge-transfer insulating character. The transi-

tions displayed in this figure aréd®— c(2p)Vd® (Ni spectra and SE)Cer::;rrl;r;éIrmg![;?g;‘%n?nfggis;?err“a;gg \)/(:-:‘n%fgt tf;aerr?;:iteé daned As
Vpt—c(1s)Vp® (O spectraiin regard to Fig. (a). P y ge.

shown by our DOS calculations, the number opGtates is
up only a small proportion of the valence band states aréonsidered small compared to the number of Wis3ates;
completely hybridized with the larger number of Nd3 however, this hybridization again raises questions concerning
states. the characterization of the states making up the top and bot-
X-ray absorption measurements shown in Fig. 5 suggegbm of the insulating gap in NiO. There are several points at
that this hybridization is not limited to the valence band ofwhich hybridization appears to be noticeably lacking, spe-
NiO, and some hybridization is present in the core-hole excifically the second and third peaks of the Ni spe¢48 and
cited states abov&r. The XAS (NEXAFS) measurements 5.8 eV, respectively which are attributed to excited state
displayed in this figure are total electron yield absorptionmultiplets of Ni states, and the largest peak of the O spectra
spectra for the NL,; edge and the X edge of our NiO  (11.0 e\), attributed to hybridization of @ states with Ni
single-crystal sample. The energy positions of these spectigs and 4 states, which are not detected by dipole-restricted
have been scaled according to their respective valence bagghs measurements in the Ni spectrum, as has been previ-
maxima, which were determined from a comparison betweegus|y suggestet?
our XES measurements and the convolution of the corre- The hybridization of valence statest has direct impact
sponding DOS spectra. The zero-energy point in this plopn the problem of characterizing the insulating gap as being
(indicating the Fermi energys set at the same absolute en- of §-d or charge-transfer type. Past attempts at definitive
ergy as in the XES measurements displayed in Fig. 3he  measurements claim NiO to be a charge-transfer insulator
intensity of the spectra has also been scaled to reflect thgith a large insulating gapranging from 3.8(Ref. 15 to
respective absorption coefficients of the elements invoffed. 4.2 eV (Ref. 17]. However, most measurement techniques
~The structure of the Ni spectra is determined by thezre subject to dipole restrictions which do not allow direct
dipole-allowed transition from the subset of grounq statesneasurements of thitd gap arising from the Hubbard-split
(2p°3d?, 2p°3d°L, and P°3d'%L? whereL denotes a ligand  Nj 3d band. Such measurements would consistently result in
hole) to a subset of final states consisting(@p°3d°) struc-  gptical transitions between statespfndd character, or in
ture and related statg@p°3d'°L and 2°3d'%L%4s), which  this case, charge-transfer transitions between the &fid O
are subject atomic spin-orbit, Coulomb exchange, anq) states neak.
crystal-field interactions. Of primary concern are the peaks From our data presented in Figs. 3 and 4 it is evident that
near thel; absorption edge of Ni, which correspond to the the top of the valence band consists primarilydegharacter
absorption of Ps;, spin-orbit-coupled core electrons and rep- electron states, as has also been shown in results from other
resents the bottom of the Ni conduction band in the presencghotoemission experimerft3*4 Spectra in Fig. 5 also show
of a 2p hole in our measurement. The major Ni peak  the bottom of the conduction band to be of mostigharac-
located ~2.5 eV aboveEr and its subsequent minor peak ter, which is displayed in previously measured bremsstrah-
(~4.3 eV) can be attributed to the lowest-energy multipletsjung isochromat spectroscopBlS) spectra?®45 Studies con-
of the final state configuratiofi2p®3d®) which includes a cerning the magnitude of the insulating gap also lend support
crystal-field splitting term(10Dq) of about 2 eV. The ap- to the notion of it being characterized asdad gap with
pearance of additional peaks above the miajrabsorption measurements of the energy difference between the
peak is produced by the presence of the charge-transféfubbard-splitd minority bands being smaller than that of the
staté® (3d°L) and additional terms of thep23d® configura-  charge-transfer transition. Resonant x-ray emission spectros-
tion modified by the crystal fielét The initial peak of the O copy measurements also performed on our NiO single-
K-edge absorption spectra can be attributed to the hybridizecrystal samplé? similar to previously published
O 2p weight in states of the transition-metatl band, as measurement®, show features corresponding to an absorp-

Ld

Intensity [Arb. Units]
>

o
1

0.0
2E 2 46 81012141618202224
Energy [eV]

FIG. 5. X-ray absorptiotiNEXAFS) spectra measuring the con-
duction states ofl characte(Ni L, 3) andp characterO K) above

115113-5



SCHULERet al. PHYSICAL REVIEW B 71, 115113(2005

tion and emission energy loss of approximately 2 eV, a magbottom of the conduction band combined with the nearly

nitude similar to results for thed-d transition energy complete valence band hybridization displayed in the SSXPS
(~2eV) from SPEELS measuremeris, SHG mea- measurements suggest the possibility of charge-transfer ex-
surements! and optical absorption measuremeftsThe  citations across the band gap. Therefore we cannot simply
magnitude of the dipole-allowed, charge-transfer optical gagssume NiO to be an insulator of Mott-Hubbard type based
between states of primarily @and Nid character appears to on the majority of states being Nid3states, it also has the

be considerably larger~6 eV) than the gap between prima- properties of a charge-transfer system, befitting the interme-

rily d-character states. A second energy-loss peak is observefite region of the Zaanen-Sawatzky-AllEZSA) model48
in the RXES measurements with a Igss5 eV) in the spec-

tral region where charge-transfer excitations are expected.
In measurements such as ours, excitonic effects inherent CONCLUSIONS
in the core-level x-ray processes can heavily influence the

measured gap between the emitting and absorbing states TheWe have measured valence and excited states of NiO us-
Coulomb interaction between an excited electron couple g atom- and site-specific XES and XASIEXAFS), and

with the core-hole created influences the electron’s bindin tom-enhancc_ad SSX.PS' By comparing our measurements to
energy?!’ and the intermediate state configuration resulting OS calculations using .the GGA within the DFT, we show
from core-level absorption is not equivalent to the configu-valence as well as excited states to be nearly completely
ration required for an absolute measurement of the transitiofyPridized between Ni and O sites in ionic NiO. From this
in what should be a complete shell. For this reason we cartharacterization of the insulating gap in NiO, and suggests a
not claim our comparison of absorption and emission spectrgombination Mott-Hubbard and charge-transfer character, as
to be a measure of the true magnitude of the valence diescribed by the ZSA model. While not representative of a
conduction band gap of NiO. A|though our NEXAFS absorp_true band gap measurement, our results show an insulating
tion measurements show similarities to measurements pe@ap magnitude similar to other techniques used to measure
formed using BIS, the ab|||ty to p|ace an electron in an un-d'd excitations in Hubbard Spllt systems, and a ConSiderably
occupied state without creating a hole makes BIS a validarger optical gap magnitude of charge-transfer excitations
measurement of the conduction bfd. between Op and Nid states.

Our DOS calculations and XES and XASIEXAFS)
measurements suggest that the number of States neakg
is much smallefapproximately 10%than the number of Ni
d states, a difference also amplified in the XES and XAS One of us(T.M.S) would like to thank J. Jiménez-Mier
measurements by the dipole selection rule, which filters outor his assistance, and G. A. Sawatzky for providing com-
emission and absorption statesptharacter at the NL,;  ments on an earlier draft of this work. This work was sup-
edge and states af ands character at the & edge. Our ported in part by NSF Grant No. DMR9801804, and DOE-
valence band measurements show no support for the notidBPSCOR cluster research Grant No. DOE-LEQSF-03. The
that there is a definite band of O states between HubbardAdvanced Light Source is supported by the Office of Basic
U-split Ni d states and the Fermi enery’® implying the  Energy Sciences, U.S. Department of Energy Contract No.
insulating gap to be characterized thd transfer. However, DE-AC03-76SF00098. The National Synchrotron Light
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